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“La ciencia tiene una característica maravillosa,  





No encuentro las palabras adecuadas para poder expresar con exactitud lo feliz que me siento 
llegado este momento. Sin duda, el realizar una tesis doctoral es el compromiso más grande al 
que nunca me he enfrentado. Durante estos cinco años, esta tesis (y todo lo que le rodea) ha 
sido una parte fundamental en mi vida, una entrega constante, de esfuerzo y dedicación, una 
carrera de fondo en la que ya me encuentro muy cerca de cruzar la meta. 
En realidad, siempre me atrajo mucho la idea de realizar una tesis doctoral. Sin embargo, tenía 
que encontrar un tema que me motivase lo suficiente como para embarcarme en tal aventura. 
Mi pasión por la investigación comenzó cuando me fui de Erasmus a Dinamarca en 5º curso de 
la Licenciatura en Bioquímica. Tenía que “cumplir” unas horas de colaboración en algún grupo 
de investigación para que me las convalidasen por los créditos del proyecto de fin de carrera. 
Así pues, empecé a investigar los grupos de investigación que había en Aarhus University, y 
llegué a la página web de un IP, el profesor Suresh Rattan, el cual investigaba el proceso de 
envejecimiento. A través de su página web, pude intuir que este investigador se salía un poco 
de la “norma” del estereotipo de científico, hecho que me llamó mucho la atención. Le escribí 
un email y me dijo que me pasase por su despacho. Ahí estaba yo, lo recuerdo como si fuese 
ayer, nerviosa con mi limitada capacidad de expresión en inglés, esperando ante su despacho 
para entrar. Me invitó a pasar muy sonriente, me senté en la silla enfrente de él y me hizo la 
siguiente pregunta: “What is health?”. A pesar de que puede parecer una pregunta 
relativamente simple, fui incapaz de contestar nada. Tras unos minutos de bloqueo me hizo otra 
pregunta: “What things can we measure to define health?” Mis neuronas intentaban encontrar 
una respuesta que me hiciese demostrarle que no era tonta, pero infructíferamente. Entonces 
me dijo que reflexionase acerca de esos conceptos y que volviese en una semana a discutirlos 
con él. Desde ese momento y hasta el día de hoy, el tema de la salud y el envejecimiento han 
ocupado mi mente todos los días. A pesar de estar a punto de concluir la tesis, aún no tengo una 
respuesta categórica para ninguna de las dos preguntas. 
Durante los diez meses que estuve en el “Laboratory of Cellular Ageing”, aprendí lo que suponía 
investigar. El doctor Dino Demirovic me enseñó infinidad de técnicas experimentales y empecé 
a llevar a cabo mi propio proyecto de investigación. Muchísimo más de lo que jamás hubiese 
podido desear. Ahí fue cuando empezó mi pasión por las vías moleculares de respuesta al estrés, 
como elementos clave en el mantenimiento de la salud y en el proceso de envejecimiento. Ellos 
fueron sin duda, los impulsores de mi pasión por la investigación.  
Tras el año en Dinamarca, regresé a España para cursar el Máster de Bioquímica, Biología 
Molecular y Biomedicina en la Complutense. En este punto, tenía que encontrar un laboratorio 
donde poder llevar a cabo mi proyecto de final de máster. Salieron publicadas una serie de 
ofertas en distintos grupos de investigación adscritos a dicho máster. La mayoría consistían en 
trabajos muy “bioquímicos” de cambio de un aminoácido por otro para estudiar la función, 
estructura y propiedades de una determinada proteína. Aunque eran grupos de investigación 
muy buenos, yo quería seguir profundizando en el tema del envejecimiento. Fue entonces 
cuando encontré a la catedrática Mónica De La Fuente, la cual tenía una visión mucho más 
fisiológica del proceso de envejecimiento (de la cual yo carecía), lo que me hizo querer aprender 
de ella. Le escribí un email y me dijo que me pasase por su laboratorio. Al verla, enseguida me 
atrajo su personalidad carismática. Me contó con un entusiasmo indescriptible las líneas de 
investigación de su laboratorio entre las que se encontraban: edad biológica, comunicación 
neuroinmunoendocrina, modelos de envejecimiento prematuro, así como infinidad de 
estrategias para enlentecer el proceso de envejecimiento, como estrategias nutricionales, 
sociales y algunas más “esotéricas” como radiaciones electromagnéticas. Ella también se salía 
de ese “estereotipo” de investigador serio y recio y desde ese momento supe que quería trabajar 
con ella. A pesar de que su laboratorio no estaba adscrito al máster que yo cursaba, me dijo que 
sí que podía llevar a cabo mi trabajo final de máster con ella. Empecé continuando con la línea 
que había comenzado en Dinamarca bajo el estudio de marcadores de respuesta al estrés 
celular, a la vez que empecé a aprender infinidad de técnicas de determinación de función 
inmunitaria, estrés oxidativo, pruebas conductuales, así como manejo de ratones, aunque no 
formaban parte de mi TFM. Tras 7 meses de estar llevando a cabo mi trabajo fin de máster, me 
llamó a su despacho y me dijo que teníamos un lote de ratones adultos en el animalario, y que 
sería muy interesante llevar a cabo un estudio longitudinal de los mismos para encontrar 
marcadores que permitiesen determinar la velocidad de envejecimiento, pero que había que 
empezar ahora cuando los ratones eran adultos. Yo eché cuentas rápidamente, los ratones 
tenían 8 meses de edad y podían vivir hasta los 30 meses. Dudé unos instantes. Fue entonces 
cuando me dijo que si me había planteado llevar a cabo una tesis doctoral. No me lo pensé ni 
un segundo, le dije que sí que quería realizar la tesis con ella. 
Realmente, es difícil expresar la admiración que siento por mi directora Mónica De La Fuente. 
Ella es una mujer inteligente, fuerte y una trabajadora nata. Tiene una pasión tal por la 
investigación que ha sido capaz de renunciar a muchísimas cosas de índole personal, por sacar 
adelante su laboratorio. Ella vive por y para su grupo de investigación. En este sentido, no se me 
ocurre ninguna otra persona mejor para ser tu director de tesis. Nunca he conocido a una 
persona con una capacidad de trabajo tal. Su agenda diaria cuenta con más de 20 cosas distintas 
y, sin embargo, siempre tiene un hueco para echarte una mano, ya sea plantear diseños 
experimentales, ver resultados, practicar una comunicación oral o estructurar un artículo. 
Además, su pasión es contagiosa, pocas cosas le hacen más feliz que discutir unos nuevos 
resultados que has obtenido y elucubrar teorías para explicar los mismos.  Tiene una capacidad 
de asociación sensacional, pero sin duda, lo que todavía a día de hoy me asombra es su 
capacidad de transmitir una idea de forma escrita. Obviamente, Mónica, esta tesis no hubiese 
sido posible sin ti por lo que siempre te estaré profundamente agradecida. 
La siguiente persona que fue también fundamental en el hecho de que me embarcase en la 
realización de una tesis doctoral fue mi entonces tutora de TFM Carmen Vida y hoy una de mis 
mejores amigas. Ella es indudablemente una de las mejores personas que he conocido jamás. 
Siempre mostró conmigo una paciencia infinita y dedicó millones de horas a enseñarme todo lo 
que hoy sé. En el momento en el que me decidí a comenzar la tesis, ella estuvo conmigo 
incontables mañanas, tardes y noches echándome una mano con todo lo que podía. Pero 
además de ser un referente para mí a nivel profesional, también lo es a nivel personal. Siempre 
ha sido capaz de conectar conmigo en el plano emocional y darme toda la fuerza y el apoyo que 
he necesitado. Carmen, siempre estaré en deuda contigo. 
A continuación, quería agradecer a todos los compañeros con los que he tenido la oportunidad 
de trabajar a lo largo de estos cinco años. A los que ya no están: a Nuria, gracias por acogerme 
como a una más, a Ianire, gracias por tener una personalidad tan genial y por todos tus consejos, 
a Idoia, gracias por haberme brindado tu apoyo siempre, a Oskarina, gracias por haber estado 
siempre dispuesta a echarme una mano y por haberme dado tantos buenos momentos, a 
Caroline, gracias por toda tu ayuda y apoyo a lo largo de los años, a Julia y Garrido, gracias por 
todas aquellas conversaciones intentando salvar el mundo entre café y café, cigarro y cigarro. A 
los que siguen: a Noemí, gracias por estar siempre dispuesta a todo conmigo, ya sea mandarme 
correos estúpidos, echarme una mano con cualquier tipo de formato imposible, ayudarme con 
los pedidos o simplemente bajarte conmigo a tomar el aire cuando sabes que estoy estresada. 
Siempre recordaré nuestros momentazos en el congreso de Barcelona. ¡Sabes que ahora te toca 
a ti echar el resto!, pero estoy segura de que puedes con eso y mucho más; a Hikaru, gracias por 
el buen carácter y la paz que siempre transmites trabajando a tu lado, a ti también te queda 
poco ya, así que te deseo toda la fuerza del mundo para esta etapa final. A Estefanía, gracias por 
haber estado ahí para apoyarme siempre. Tus ganas de trabajar y tu buena actitud van a hacer 
que puedas con todo.  
También quería agradecer a mis “niñas” a los que he tutorizado TFG y TFM, a Beatriz Jiménez, 
Nahomi Paspuel, Nadia Serroukh, Karen Montaño y Lara Miguélez. Todas vosotras me habéis 
ayudado y enseñado muchas cosas, a veces incluso de mí misma. En especial, gracias a Lara 
Miguélez, eres una persona muy especial, sólo hace falta que te lo creas tú. 
También me gustaría dar las gracias a todas las personas del Departamento que tanto me han 
ayudado. Especialmente a Ana, Teresa Peláez y Teresa Rodríguez. Gracias por escucharme en 
los momentos en los que ya no podía más y por darme siempre muy buenos consejos. Aunque 
pueden parecer irrelevantes, cualquier contacto con vosotras a lo largo de cada día siempre es 
positivo, y esos son los pequeños detalles que marcan la diferencia. 
Ya fuera de la universidad, mis amigos también han contribuido enormemente a que me 
encuentre en este momento ahora. Ellos siempre han estado ahí para celebrar conmigo éxitos 
y fracasos. A mis amigos de Logroño, las cuales me ayudan a tener siempre presente mi 
“verdadero yo” y a los de Madrid, los cuales se han convertido en “la familia que se elige”. Sin 
su apoyo, nada de esto habría sido posible. 
También quería agradecer a toda mi familia, y en especial a mis padres, mi hermana, mi tía y mi 
yaya. Gracias por quererme tanto, por creer en mí y por vuestro apoyo incondicional, sin el cual 
no hubiera podido llegar hasta aquí. Todo el mérito es vuestro, por cuidarme, educarme y estar 
siempre a mi lado. Gracias mamá y papá por haberme dado siempre la libertad para hacer lo 
que he querido, por haberme apoyado en todas y cada una de mis decisiones y por enseñarme 
el valor de la responsabilidad, el trabajo y el esfuerzo. Gracias por todo. Nunca podré pagaros 
todo lo que habéis hecho por mí. Sois los mejores padres que se puede tener, os quiero mucho. 
Esta tesis va dedicada a vosotros. A mi hermana Cristina, quien, desde muy pequeña, siempre 
me ha preparado para la vida. Quizás, a través de técnicas “inusuales”, pero lo importante es 
que parte de la fortaleza que tengo hoy, se la debo también a ella. Sé que pase lo que pase 
siempre vas a estar ahí para apoyarme. Te quiero mucho y estoy muy orgullosa de tu 
“crecimiento en espiral”. A mi tía, quien siempre me ha tratado como a una hija y ha estado 
siempre disponible para mí. A mi yaya, que es una persona fundamental en mi vida. Ella siempre 
me ha recordado lo que verdaderamente es importante en la vida y siempre ha confiado mucho 
en mí. “La que vale, vale para todo”. 
Y, por último, pero no menos importante, a Krzysztof, mi novio, que es la mejor persona que he 
conocido. Aún recuerdo cuando le dije que quería hacer la tesis aquí en Madrid, cuando él vivía 
en Dinamarca y la discusión que nos costó. Él, siempre ha sabido lo importante que esta tesis es 
para mí. Siempre me ha ayudado a perseguir mis sueños y fue capaz de renunciar a todo y 
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generalizada  de  la  función  del  organismo  y  por  una  menor  capacidad  para  restaurar  la 















envejecimiento,  se ha propuesto que  los  cambios en  la  función  inmunitaria  con  la edad  son 
consecuencia del establecimiento del estrés oxidativo‐inflamatorio crónico de los leucocitos, el 
cual puede incidir en la oxidación e inflamación general del organismo y consecuentemente en 
su  velocidad  de  envejecimiento.  Por  ello,  se  planteó  la  hipótesis  de  que hay  parámetros  de 
función  inmunitaria  y  de  estado  de  estrés  oxidativo  e  inflamatorio  que  pueden  resultar  ser 
marcadores  de  la  velocidad  a  la  que  está  envejeciendo  cada  individuo  (su  edad  biológica  y 








2º  objetivo:  Identificación  de  mecanismos  celulares  y  moleculares  implicados  en  la 
velocidad de envejecimiento y longevidad, mediante su estudio en ratones de distintas edades 





4º  objetivo:  Validación  de  parámetros  de  función  inmunitaria,  estado  redox  e 
inflamatorio, en humanos, como marcadores de envejecimiento acelerado, patológico y como 
predictores de supervivencia en centenarios. 
  Los  resultados  del  1er  objetivo  permiten  validar  una  serie  de  parámetros  de  función 
inmunitaria y de estado redox como marcadores de la velocidad de envejecimiento ya que éstos 
se deterioran a medida que avanza la edad tanto en humanos como en ratones. Además, los 








una  respuesta proliferativa de sus  linfocitos más  temprana que  los  ratones de otras edades. 
Además, se caracterizan por presentar un cociente IL‐10/TNF‐α superior a los ratones viejos y 
similar al observado en adultos, por lo que el cociente IL‐10/TNF‐α se propone como marcador 
de  longevidad.  Se  demuestra  también  que  la  concentración  basal  de  la  chaperona  Hsp70 
experimenta  cambios  con  la  edad  de  forma  diferencial  en  tejidos  compuestos  por  células 


















































































take  place  and  which  is  characterized  by  the  progressive  and  general  deterioration  of  the 
functions  of  the  organism  that  leads  to  a  lower  ability  to  adaptively  react  to  changes  and 
preserve homeostasis. Moreover, the aging process is heterogeneous in such a way, that the 
diverse members of a population of the same chronological age can be aging at different rates. 






the endocrine systems,  is essential  for  the preservation of homeostasis, experiences an age‐
related decline in its function, which has been termed as immunosenescence. Thereby, almost 






inflammatory  stress  of  the  organism,  and  consequently  its  rate  of  aging.  Therefore,  it  was 


















The  results  obtained  in  the  1st  objective  validate  some  immune  function  and  redox 
parameters as markers of the rate of aging given that they experience an age‐related decline in 
































potential  to  be  used  as  prodromal markers  of  Alzheimer´s  Disease.  Additionally,  the  results 
verify the usefulness of some immune function, redox and inflammatory stress parameters as 
























































































de  la  tasa  de  natalidad  junto  con  la  mejora  sanitaria  y  social,  la  proporción  de  personas 
envejecidas  está  aumentando  rápidamente  en  la  mayoría  de  países  desarrollados.  Según 
estimaciones de la Organización de las Naciones Unidas (ONU) en el año 2050, España será el 
país más envejecido del mundo, con un 40% de la población mayor de 60 años. Este hecho ha 
generado  que  el  interés  por  el  estudio  del  proceso  de  envejecimiento,  así  como  de  las 
consecuencias que conlleva, esté aumentando de manera exponencial.  
Cuando  se  habla  del  envejecimiento,  es  necesario  distinguir  entre  esperanza  de  vida  o 
longevidad media y esperanza de vida o longevidad máxima. Mientras que la primera representa 
la media de años que viven los individuos de una población que han nacido en una misma fecha, 






de  vida.  Además,  la  longevidad máxima  no  puede  aumentar  (a menos  que  se modifique  la 



























diversas  enfermedades,  entre  las  cuales  estarían  las  cardiovasculares,  neurodegenerativas, 
metabólicas  y  el  cáncer  (Franceschi  et  al.  2018).  El  problema  actualmente  está  en  que  el 
aumento en  la esperanza de vida media de  la población no  implica un mantenimiento de  la 
calidad  de  vida  a  lo  largo  de  los  años  o  un  aumento  de  la  llamada  “healthspan”,  que  hace 
referencia al periodo de vida  libre de enfermedad. Por  tanto,  se hace necesario  conocer  los 











La  demostración  de  la  complejidad  de  los  cambios  que  tienen  lugar  en  el  proceso  de 
envejecimiento es el hecho de que existan más de 300 teorías que intentan explicar este proceso 
(Medvedev,  1990)  y  que  ninguna  de  ellas  haya  sido  aceptada  de  forma  unánime.  Para  dar 
respuesta al cómo envejecemos, estas teorías pueden clasificarse en dos grandes apartados: 










Dentro  de  este  grupo,  se  encuentra  también  la  teoría  del  acortamiento  de  los  telómeros 
(Olovnikov, 1973; Harley et al. 1990), en la que el acortamiento de los telómeros en cada división 
celular sería el responsable de la pérdida de la capacidad mitótica de las células. Sin embargo, 
estas  teorías  no  son  suficientes  para  explicar  la  senescencia  que  tiene  lugar  en  células 
postmitóticas, de escasa o nula proliferación, como la mayoría de las neuronas (Goyns, 2002). 
Además, en la actualidad no existen evidencias directas de la existencia de genes específicos que 





del  envejecimiento,  pero  se  manifiestan  como  “gerontogenes  virtuales”  debido  a  su 
contribución en el proceso de envejecimiento (Rattan, 2018). 




















propuesto  como  uno  de  los  mecanismos  efectores  dentro  de  un  mismo  programa  de 
envejecimiento, junto con el grado de saturación de las membranas lipídicas y la autofagia, entre 
otros (Barja, 2019). 
Posteriormente  a  Harman,  se  demostró  que  las  especies  reactivas  del  oxígeno  (ROS)  son 
fisiológicamente  esenciales  para  la  transducción  de  señales,  regulación  génica  y  del  propio 




sobreoxidación  de  residuos  tiólicos  en  proteínas  de  transducción  y  consecuentemente  a  la 
alteración de las vías de señalización celular fundamentales para un correcto funcionamiento 
celular (Sohal y Orr, 2011). Dentro de las teorías estocásticas, se encontrarían también las que 
tienen  en  cuenta  a  los  sistemas  fisiológicos  como  la  “teoría  inmunológica”  y  la  “teoría 
neuroendocrina”  (Walford, 1969; Meites et al. 1987; Fabris, 1991). Dada  la  importancia que 
tienen  los  sistemas  neuroendocrino  e  inmunitario  en  la  regulación  de  todos  los  procesos 
fisiológicos, la pérdida de la funcionalidad asociada a la edad que experimentan ambos sistemas 
también  ha  sido  propuesta  como  causa  del  envejecimiento.  Sin  embargo,  no  todos  los 
organismos  que  envejecen  tienen  complejos  sistemas  neuroendocrinos  o  una  inmunidad 
adaptativa  definida.  Por  tanto,  estas  teorías  describen  cambios  que  son  consecuencia  del 
proceso de envejecimiento, pero no causa, ya que no cumplen el requisito de universalidad (De 
La Fuente y Miquel, 2009). 
Además,  para  dar  respuesta  al  por  qué  envejecemos,  otro  grupo  de  teorías,  las  llamadas 
evolutivas, ofrecen una explicación plausible a este hecho. Entre ellas, la teoría de la muerte 
programada considera que el envejecimiento es un proceso que ha sido seleccionado con el fin 




tendrían  efectos  perjudiciales  para  el  individuo  (Williams,  1957),  el  cual  como  tal  sería 
dispensable una vez haya traspasado sus genes, favoreciéndose de este modo el mantenimiento 
de la especie. Dentro de este grupo podría incluirse también la “teoría de la inflamación”, (Fulop 
et  al.  2014)  la  cual  sostiene  que,  la  selección  natural  de  mecanismos  pro‐inflamatorios 




reproductora,  pero  conducirían  al  establecimiento de un  grado de  inflamación  crónica en  la 
vejez. Este hecho, dio lugar al concepto de “inflammaging” (Franceschi, 2000a), que propone 
que  tal  inflamación  resulta  perjudicial  para  el  individuo  y  se  encuentra  relacionada  con 






pro‐oxidante  que  ha  sobrepasado  los  mecanismos  de  defensa  antioxidante,  debido  al 




cuando  están  en  exceso,  debido  a  una  producción  de  los  mismos  descontrolada  o  a  una 
disminución de las defensas antioxidantes, se produce el establecimiento de un estrés oxidativo, 





























donde  ha  sido  generado  (Halliwell,  1992),  por  lo  que  juega  un  papel  fundamental  como 
regulador de múltiples procesos biológicos (Brieger et al. 2012; Larosa y Remacle, 2018). El H2O2 







importantes  de  radicales  libres  en  las  células),  los  microsomas,  los  peroxisomas,  el  retículo 
endoplásmico, enzimas como  la ciclooxigenasa,  la NADPH oxidasa o  la xantina oxidasa. En el 
caso de la xantina oxidasa, esta enzima es conocida por su papel catalítico en la degradación de 
las purinas, aunque cataliza la hidroxilación de una amplia gama de sustratos y está considerada 















los  fibroblastos,  células  endoteliales,  células  musculares  lisas  vasculares  también  poseen 





compuestos  no  enzimáticos,  para  evitar  el  establecimiento  del  estrés  oxidativo  y  de  la 
consecuente  oxidación  de  los  distintos  componentes  celulares.  Dentro  de  las  defensas 









respiratoria mitocondrial  de  electrones  o  a  través  de  las  enzimas  NADPH‐oxidasa  y  Xantina 
Oxidasa. Este radical, en presencia de metales, puede dar lugar al radical hidroxilo (OH‐) el cual 
va  a  oxidar  lípidos,  generando malondialdehído  (MDA),  ADN  y  proteínas,  lo  que  inducirá  la 









de  las  células,  la  enzima  Glutatión  Reductasa  (GR),  va  a  llevar  a  cabo  la  reacción  inversa, 
reduciendo el GSSG a GSH, a expensas del NADPH. 
 
La  enzima  antioxidante  superóxido  dismutasa  (SOD)  es  la  primera  en  actuar  catalizando  la 
dismutación  del  anión  superóxido  en  oxígeno  y  peróxido  de  hidrógeno  (H2O2),  por  lo  que 
constituye la principal línea de defensa antioxidante en la mayoría de las células expuestas al 
oxígeno. Tras ella, la neutralización del H2O2 puede ser llevada a cabo por la enzima antioxidante 
catalasa  o  por  la  enzima  glutatión  peroxidasa. Mientras  que  la  actividad  catalasa  neutraliza 
directamente el H2O2 transformándolo en agua,  la enzima glutatión peroxidasa requiere para 
ello  llevar  a  cabo  la oxidación del  antioxidante  glutatión  reducido  (GSH)  a  glutatión oxidado 
(GSSG) (Matés y Sánchez‐Jiménez, 1999; Brigelius‐Flohé y Maiorino, 2013; Couto et al. 2016). 
Este  glutatión  oxidado  es,  a  su  vez,  neutralizado  por  la  enzima  glutatión  reductasa, 
transformándolo en su forma reducida (GSH) a expensas de la oxidación del NADPH (López et 
al. 1990; Couto et al. 2016).   Así, ambas enzimas  trabajan de  forma conjunta dando  lugar al 
denominado ciclo del glutatión, fundamental en la eliminación y neutralización de numerosos 
compuestos  oxidantes  y  en  el  mantenimiento  del  glutatión  reducido,  principal  compuesto 








También  existen  compuestos  antioxidantes  de  origen  exógeno,  como  el  ácido  ascórbico  o 
vitamina  C  (para  el  ser  humano,  no  siéndolo  para  muchos  animales  como  los  de 
experimentación), la vitamina E, los carotenoides o los numerosos compuestos del grupo de los 
polifenoles, cuya fuente de obtención es la dieta. Así, todos los compuestos antioxidantes, tanto 
endógenos  como  exógenos,  colaboran  entre  ellos  para  mantener  las  ROS  dentro  de  unas 
concentraciones óptimas, que permitan llevar a cabo una apropiada señalización celular, pero 





















productos  finales,  que  son  altamente  inestables  y  al  romperse  forman  distintos  residuos 




presentes  en  las  proteínas  tienen  residuos  susceptibles  de  ser  atacados  por  los  ROS  y  RNS, 
principalmente  por  los  radicales  libres  O2‐  y  OH‐  (Stadtman,  1992).  Entre  las modificaciones 








lugar  a  cambios  estructurales  y  conformacionales  de  las  proteínas,  que  causen  el 
desplegamiento  de  las mismas  y  que  resultan  en  la  acumulación  de  proteínas mal  plegadas 
(Freeman y Grapo, 1982; Gebicki y Gebicki, 1993; Tanase et al. 2016). Cuando los sistemas de 





agregan entre sí  y  se acumulan en el  interior  celular, provocando  toxicidad y muerte celular 






















crítica  de  la  secuencia  del ADN  (González‐Torres  et  al.  2000).  La modificación oxidativa más 
frecuente suele darse a nivel de la guanosina, dando lugar a la 8‐hidroxi‐2’‐deoxiguanosina (8‐
OHdG),  un  compuesto  de  gran  importancia  por  su  elevado  efecto  mutagénico  (Kasai  y 
Nishimura, 1984; Shibutani et al. 1991). Por otro lado, también hay que destacar que el ADN 
mitocondrial sufre mucho más daño oxidativo que el nuclear, siendo unas 15 veces superior a 



















en  su  actividad  a  lo  largo  de  la  edad  (Alonso‐Fernández  et  al.  2008).  En  cuanto  al  ciclo  del 





oxidada  junto  con  la  disminución  de  la  forma  reducida  en  el  envejecimiento,  hace  que  el 








Loeser,  2003).  Con  respecto  a  la  enzima pro‐oxidante Xantina Oxidasa  (XO),  con  la  edad,  su 













mientras  que  otros  autores  han  descrito  una  disminución  de  la  misma  (Biasi  et  al.  1996; 
Tortorella et al. 2000; Izgüt‐Uysal et al. 2003; Arranz et al. 2010a). Por el contrario, en cuanto a 
los niveles basales del anión superóxido en fagocitos, se ha visto que aumentan al envejecer en 
tejidos  como  cerebro,  retina,  hígado  (Miyazaba  et  al.  2009),  en  leucocitos  peritoneales  y 
macrófagos de ratón (Vida et al. 2017), así como en neutrófilos en humanos (Alonso‐Fernández 
et al. 2008). 
No obstante,  la mayoría de  los  cambios asociados a  la edad  tanto en compuestos oxidantes 
como antioxidantes, han sido estudiados de manera transversal, mediante la comparación de 
los mismos en individuos viejos respecto a individuos jóvenes. Por tanto, se hace necesario un 







Desde  que  nacemos  nos  encontramos  continuamente  expuestos  a  padecer  infecciones  y 
procesos cancerígenos, frente a los cuales sucumbiríamos si no fuera porque disponemos del 
sistema inmunitario, el cual nos defiende tanto de microorganismos invasores extraños como 





su  papel  de  defensa.  La  respuesta  innata  o  inespecífica  se  desarrolla  y  actúa  de  forma 
indiscriminada  e  inmediata  frente  a  cualquier  agente  extraño  que  consigue  atravesar  las 






















esquematiza  las principales funciones  llevadas a cabo por  los fagocitos. Estas ROS permitirán 
procesar los microorganismos fagocitados para la posterior presentación de los determinantes 












lugar, el neutrófilo activado se va a adherir a  la pared del endotelio vascular,  tras  lo cual, se 
produce la extravasación del mismo. Tras ello, se producirá la quimiotaxis o movilidad dirigida, 
a favor de un gradiente quimiotáctico, hacia el foco de infección. Una vez allí, tendrá lugar la 







tumorales  haciéndolas  entrar  en  apoptosis  y  produciendo  la  liberación  de  citoquinas  pro‐
inflamatorias. Dado que la puesta en marcha de esta  inmunidad innata conlleva  la  liberación 
tanto  de  ROS  como  de  citoquinas  pro‐inflamatorias  pudiendo  ser  ambas  extremadamente 
dañinas para el organismo, esta respuesta debe ser estrechamente regulada, ya sea a través de 
















































de  autorregulación  perfectamente  diseñado  para  evitar  que  la  respuesta  de  activación  que 
realiza frente a  los antígenos se extienda en el tiempo y el espacio. Además, posee una gran 
especificidad,  diversidad,  capacidad  de  discriminación  y  dispone  de  memoria.  Los  linfocitos 








a  un  antígeno,  si  es  la  primera  vez  que  entran  en  contacto  con  él,  o  si  ya  ha  habido  una 










Aunque de forma tradicional se ha establecido  la clasificación entre  la  inmunidad  innata y  la 
adquirida (esquematizada en la Figura 4), actualmente se sabe que los límites y diferencias entre 




células  de  la  inmunidad  innata,  como  las  ILC  y  los macrófagos,  también presentan memoria 
(Franceschi et al. 2017b). De hecho, actualmente se sabe que hay una memoria no antígeno 
específica que presenta la  inmunidad innata y  la adquirida. Otro ejemplo de la  interconexión 
entre las dos respuestas, la innata y la adquirida, es el de la proteína HMGB1 (del inglés, “high‐
morbility  group  box”  1).  Esta  proteína  pertenece  a  las  denominadas  DAMPs  (del  inglés, 




















generar  cambios  epigenéticos  que  facilitan  la  reprogramación  de  las  células,  llegándose, 






lugar  a  un  aumento  en  la  susceptibilidad  a  infecciones  y  en  la  incidencia  de  enfermedades 
autoinmunes  y  cáncer  (Yancik  y  Ries,  1991;  Hirokawa  et  al.  1992).  De  hecho,  los  procesos 
infecciosos son una de las principales causas de la elevada tasa de morbilidad y mortalidad en 
personas de edad avanzada, hecho que se atribuye a los cambios que sufren los componentes 



































de  los  mismos  en  personas  mayores  (Globerson  y  Effros,  2000).  Los  estudios  respecto  a 
macrófagos son menos frecuentes, pero se ha demostrado que, en ratones, el número de estas 
células  no  varía  cuando  se  comparan  animales  adultos  y  viejos  (Herrero  et  al.  2002).  En  los 


















Pawelec,  2012).    Por  ello,  la  relación  CD4+/CD8+  disminuye  con  la  edad  (Pawelec,  2012). 
Además, en ambas subpoblaciones de linfocitos T, las que disminuyen son las células vírgenes 
(CD45RA+)  mientras  que  aumentan  las  células  memoria  (CD45RO+)  (Fagiolo  et  al.  1993; 
Pawelec, 2012), hecho que se ha relacionado con la exposición antigénica crónica a lo largo de 
toda la vida (Franceschi et al. 2000b).  También en estas subpoblaciones se ha visto una pérdida 
de  expresión  del  marcador  CD28,  esencial  para  la  activación  de  las  células  T.  Además,  los 






a  la  apoptosis  (Allman  y  Millar,  2005).  No  obstante,  el  número  de  células  secretoras  de 









un  mecanismo  compensatorio  dada  la  pérdida  de  funcionalidad  de  estas  células  con  el 
envejecimiento (Solana y Mariani, 2000, Hazeldine et al. 2013). Por tanto, dado que lo que es 















en  el  pasado  se  consideraba  que  no  contribuían  al  deterioro  inmunitario  de  la  vejez,  las 
aportaciones  de  esta  última  década  desmienten  esta  idea,  habiéndose  observado  que 




















En  otras  células  fagocíticas,  como  los  macrófagos,  también  se  han  descrito  unos  cambios 









inflamatorios  (Gordon,  2003).  Por  un  lado,  los  macrófagos  M1  producen  mediadores  pro‐
inflamatorios  que  incluyen  citoquinas  y  especies  reactivas  del  oxígeno  y  del  nitrógeno  y 
funcionan en  la defensa del  huésped.  En  cambio,  los macrófagos M2 desempeñan un papel 

















los  estudios  que  demuestran  que  la  capacidad  proliferativa  de  los  linfocitos  en  respuesta  a 
mitógenos va disminuyendo de forma significativa durante el envejecimiento, tanto en humanos 
como en  animales  de  experimentación  (Pawelec  et  al.  2002a;  De  la  Fuente  y Miquel,  2009; 
Arranz et al. 2008; 2010a). Este deterioro en la proliferación y también en la producción de IL‐2 
al envejecer, es específico de las células T vírgenes y no se ha observado en las células T memoria 











Actualmente,  se  piensa  que  estos  cambios  son  debidos  a múltiples  factores,  entre  los  que, 
intervienen  las  alteraciones  en  las  células  madre  precursoras  de  estos  linfocitos,  las  que 
aparecen en el microambiente tímico, los cambios en las subpoblaciones y en la expresión de 
marcadores  de  superficie  antes  comentados,  la  mayor  susceptibilidad  a  la  apoptosis  y  las 
variaciones  en  la  señalización  intracelular  que  se  genera  tras  la  unión  de  los  ligandos  a  los 
correspondientes  receptores  de  las  células  T.  En  este  sentido,  se  ha  comprobado  que  al 





indican que dicha atrofia no  impediría el  total  funcionamiento de este órgano, e  incluso que 
unas adecuadas células T maduras pueden mantener su integridad en la vejez. No obstante, el 
conservar  el  timo más  allá  de  la  edad  reproductora  es  para  algunos  investigadores  un  lujo 
innecesario, puesto que ya se dispone de las células T memoria que se requieren para responder 


























Esta  controversia  en  cuanto  a  los  cambios  que  experimentan  las  diferentes  citoquinas  al 
envejecer  puede  deberse  a  los  distintos  contextos  fisiológicos  en  los  cuales  se  valoren  esas 
citoquinas. De tal  forma que el papel y significado no será el mismo si éstas son medidas en 




susceptibilidad  a  padecer  enfermedades  autoinmunitarias  e  inflamatorias.  Por  otro  lado,  la 
menor presencia de citoquinas implicadas en la respuesta celular (Th1) podría ser la base de la 













en  individuos  viejos  respecto  a  individuos  jóvenes,  o  en  el  caso  de  humanos  de  forma 
longitudinal pero sólo durante unos años. Por tanto, se hace necesario el estudio de los mismos 
desde la edad adulta y hasta la muerte de cada individuo, mediante un abordaje longitudinal 














Figura  5.  Resumen  de  los  principales  cambios  asociados  al  envejecimiento  del  sistema 
inmunitario. (Fuente: modificado de Bauer and De La Fuente, 2016. The role of oxidative and 














esta  teoría  introduce  el  concepto  de  la  participación  del  sistema  inmunitario  en  la mayor  o 










está  bien  controlado,  pueden  ser  responsables  de  la  generación  de  un  estrés  oxidativo‐
inflamatorio que no sólo causaría su propio deterioro funcional (inmunosenescencia), sino que 
también podría aumentar ese estrés en el organismo, acelerando el proceso de envejecimiento. 































determinar  la  edad  biológica  es  necesaria  la  utilización  de  marcadores  biológicos  o 
“biomarcadores”, los cuales pueden ser parámetros psicológicos, fisiológicos o bioquímicos que 
experimenten  cambios  con  la  edad.  Sin  embargo,  esta  condición,  aunque  necesaria,  no  es 
suficiente  para  que  dicho  parámetro  pueda  ser  utilizado  para  determinar  la  edad  biológica. 
Además, es necesario que dichos cambios tengan como consecuencia un efecto beneficioso o 
perjudicial en la salud del individuo. Por ejemplo, la aparición de canas o la calvicie se asocian 




que además  cumplir  dos  requisitos:  el  primero es que dicho parámetro  tiene que presentar 
valores  preservados  en  individuos  longevos,  ya  que  éstos  han  logrado  alcanzar  edades  tan 
avanzadas debido a que presentan un envejecimiento saludable; y el segundo es que aquellos 





hematocrito…),  bioquímicos  (albúmina,  colesterol,  urea…),  genéticos  (longitud  telomérica)  y 
epigenéticos (metilación del ADN) han sido propuestos para tal fin (Confort, 1969; Benfante et 






















sino  también  de  longevidad  (Wayne  et  al.  1990).  Así,  en  las  últimas  dos  décadas,  los 
inmunogerontólogos están tratando de  identificar cuáles de  las múltiples alteraciones de  los 
parámetros inmunitarios hasta ahora descritos están causalmente relacionados con un estado 
de salud clínicamente desfavorable, con el  fin de conocer  los mecanismos que subyacen a  la 
inmunosenescencia, e intervenir para restablecer una inmunidad adecuada con los beneficios 
que ello conlleva: una mayor longevidad saludable. Esto supone un enorme reto ya que requiere 





9%  reunían  los  criterios  para  ser  incluidos  en  el  protocolo  SENIEUR)  (Wikby  et  al.  1994), 
observando  que  aquellos  sujetos  que  mostraban  una  baja  respuesta  proliferativa  de  los 
linfocitos T frente a Con A, junto con un aumento en el porcentaje de linfocitos T CD8+, y bajos 
niveles de linfocitos T CD4+ y CD19+, mostraban una menor longevidad (Ferguson et al. 1995). 
El  seguimiento de  los  individuos de este estudio, posteriormente, dio  lugar al estudio NONA 
donde se describió un fenotipo de riesgo inmunitario (del inglés, “Immune Risk Phenotype”: IRP) 
definido  por:  un  número  alto  y  bajo  de  linfocitos  CD8+  y  CD4+,  respectivamente,  un  bajo 
cociente CD4/CD8, una respuesta linfoproliferativa pobre en respuesta a IL‐2, un aumento en el 








Sin  embargo,  este  perfil  de  riesgo  inmunitario  no  contempla  parámetros  asociados  con  la 
inflamación sistémica que tiene lugar en los individuos al avanzar la edad. Sin embargo, muchos 















También  se  ha  descrito  que  una  serie  de  microARNs  circulantes,  los  cuales  disminuyen 
significativamente con la edad, están asociados con la regulación de vías inflamatorias. Además, 













inmunitarias  como marcadores  de  longevidad ha  sido  escasamente  estudiado.  Sin  embargo, 
estudios  recientes  han  demostrado  que  ciertos  parámetros  de  estrés  oxidativo, medidos  en 
orina,  son altamente predictivos de  todas  las  causas de mortalidad  (Gao et  al.  2019),  y  que 
individuos  centenarios  y  su  descendencia  presentan  una  mayor  resistencia  en  sus  células 
inmunitarias al daño oxidativo, que la que presentan individuos viejos (Sizzano et al. 2018). 
Por  otro  lado,  los  parámetros  funcionales  del  sistema  inmunitario  innato,  han  sido  menos 















a  la  hora  de  proponer  marcadores  de  esta  predicción  es  que  los  mismos  pueden  variar 
dependiendo  de  la  edad  del  individuo.  Por  tanto,  se  hace  necesario  también  investigar  qué 
parámetros de los comentados pueden resultar ser predictivos de longevidad a cada edad. Por 
último, y dado que la determinación de un único marcador no puede ser usada como predictor 



































































































parecidos  a  los  de  personas  adultas  de  25‐35  años  de  edad  (Alonso‐Fernández  et  al.  2008) 
aunque  estudios  previos  han  describieron  que  los  neutrófilos  y  linfocitos  de  personas 
centenarias  presentan  niveles  elevados  de  ciertas  moléculas  de  adhesión  en  su  superficie 
(Cossarizza et al. 1997; Ginaldi et al. 1999a; Moroni et al. 2005; Franceschi et al. 1995). Por otro 
lado, los estudios sobre la capacidad de las células inmunitarias para responder a un estímulo 
quimiotáctico, promoviendo así  su movilidad dirigida o quimiotaxis,  también  indican que  los 
neutrófilos y células mononucleares de centenarios tienen valores de esta actividad adecuados 
(Franceschi  et  al.  1995;  1996;  Franceschi  y  Bonafè,  2003;  Alonso‐Fernández  et  al.  2008).  En 
cuanto a otras funciones de la inmunidad innata en personas que alcanzan una gran longevidad, 














edad  poseen  unos  mecanismos  inmunitarios  preservados  y  eficaces,  capaces  de  prevenir 
patologías y alargar la vida. Sin embargo, a pesar de que en las últimas décadas se ha observado 
un aumento en el número de personas que rondan los 100 años de edad, se podría considerar 









A  pesar  de  lo  indicado,  y  lejos  de  lo  que  cabría  esperar,  los  centenarios  poseen  grandes 
cantidades de citoquinas pro‐inflamatorias y marcadores inflamatorios (Franceschi et al. 1995; 
Franceschi  et  al.  2000a;  Franceschi  y  Bonafe,  2003; Gerli  et  al.  2000),  y,  por  lo  tanto,  estos 
individuos de una  longevidad excepcional también estarían afectados por el “inflammaging”. 





et  al.  2003;  Ferrucci  et  al.  2005).  Además,  en  los  sobrenadantes  de  cultivo  de  células 
mononucleares tras haber sido estimuladas, también se observan unos niveles muy elevados de 





cuidados  diarios,  producen  niveles  parecidos  de  estas  citoquinas  (Miyaji  et  al.  2000).  Estos 
hechos  han  llevado  a  plantear  la  posibilidad  del  papel  beneficioso  de  las  citoquinas  pro‐




elevados mediadores  pro‐inflamatorios  que  los  centenarios  presentan,  sean  contrarrestados 
por elevados niveles de citoquinas y mediadores anti‐inflamatorios. De hecho, los centenarios 














de  esos  niveles más bajos  de oxidantes  y más  elevados de  antioxidantes  en  los  centenarios 
(Paolisso et al. 1998; Mecocci et al. 2000; Barbieri et al. 2003; Alonso‐Fernández et al. 2008), les 
conferiría de una mayor  resistencia al estrés oxidativo  (Sizzano et al. 2018). Sin embargo, se 
desconoce  si estos  individuos han  sido capaces de mantener un  funcionamiento del  sistema 
inmunitario óptimo, y unos niveles de estrés oxidativos controlados a lo largo de toda su vida, o 
si  en  cambio,  experimentan  las  desregulaciones  asociadas  a  la  edad  tanto  en  las  funciones 
inmunitarias como en los parámetros redox, pero son capaces de compensarlas, debido a una 
buena capacidad de adaptación. De hecho, recientemente se ha propuesto como responsable 
del  proceso  de  envejecimiento  al  deterioro  de  la  “homeostasis  adaptativa”,  la  cual  se  vería 
afectada, sobre todo, a partir del último tercio de  la vida (Pomatto y Davies, 2017; Pomatto, 
2019).  Así,  podría  ser  que  los  centenarios  mantienen  esta  homeostasis  adaptativa,  siendo 
capaces de adaptarse a los cambios asociados al envejecimiento, especialmente en una edad 
avanzada  (Pomatto,  2019).  De  hecho,  se  ha  propuesto  que  los  mejores  candidatos  para 
convertirse en longevos no son los sujetos más fuertes y robustos de su cohorte de edad, sino 
los  sujetos  que  mejor  se  adaptan  al  entorno,  mostrando  una  mayor  plasticidad  biológica 
(Ventura et al. 2007). 



























sonido,  las  situaciones  de  estrés,  etc.,  a  los  cuales  responde  liberando  mediadores, 
neurotransmisores  y  hormonas,  que  alcanzan  el  sistema  inmunitario  para  informar  sobre  la 
situación, el sistema inmunitario representa un sistema de recepción de estímulos no‐cognitivos 
que aparecen en el organismo (Dozmorov et al. 2010). El sistema inmunitario responde a estos 
estímulos,  infecciones,  células  tumorales  u  otros  tipos  de  células  extrañas  y  transfiere  la 
información,  por medio  de  las  citoquinas  que  produce,  al  sistema  neuroendocrino  (Blalock, 
1984, Dozmorov et al. 2010, Del Rey y Besedovsky, 2018). En este contexto, se ha descrito que, 
al envejecer, no sólo se deteriora el sistema nervioso, el endocrino y el inmunitario, sino también 








situaciones  de  depresión,  el  estrés  emocional  o  la  ansiedad,  pueden  provocar  una  mayor 
susceptibilidad a infecciones, cánceres o enfermedades autoinmunes (Arranz et al. 2007; Arranz 




2006). También se ha comprobado que  los cambios en el sistema  inmunitario, como  los que 
tiene lugar en un proceso infeccioso, alteran las funciones del sistema nervioso dando lugar al 
“comportamiento  de  enfermedad”  (del  inglés,  “sickness  behaviour”),  que  engloba  a  los 
trastornos  conductuales  que  acompañan  la  infección  e  inflamación  y  que  incluyen  letargia, 
somnolencia, depresión, falta de apetito y sed, así como la disminución de la interacción social 
(Dantzer, 2001). 












ha  generado  que  el  término  estrés  se  haya  convertido  en  un  vocablo  habitual  de  nuestra 
sociedad y que la importancia del estudio del estrés, desde su descubrimiento en los años treinta 







y  externos  (ambientales  o  psicosociales).  En  este  contexto,  los  ejes  Hipotálamo‐Hipófisis‐
Adrenal (HHA) y Simpático‐Adreno‐Medular (SAM) suponen las vías principales involucradas en 
la  respuesta  al  estrés, mediante  la  liberación de  glucocorticoides  (GC)  y  catecolaminas  (CA), 
respectivamente.  No  obstante,  ante  una  situación  estresante,  también  se  activan  otras  vías 
neuroendocrinas  tales  como  el  sistema  renina‐angiotensina  y  otras  vías  hipotalámicas,  que 
desencadenan  la  liberación  no  sólo  de  glucocorticoides  (GC)  y  catecolaminas  (CA),  ya 
mencionados,  sino  también  de  otros  moduladores  como  los  opiáceos,  la 
dehidroepiandrosterona (DHEA), la hormona del crecimiento (GH) o la prolactina. Sin embargo, 
el grado de activación de estos componentes neuroendocrinos dependerá de diversos factores, 




una pérdida de control o  incluso una sensación de  impotencia  (Henry y Wang, 1998). Por  lo 
tanto, se puede decir que un estrés de tipo agudo activará de forma primordial al eje SAM y, por 
el contrario, el eje HHA se activará, mayoritariamente, durante un estrés crónico.  
Las  células  inmunitarias  presentan  receptores  adrenérgicos  de  tipo β2  (Madden,  2003),  que 
pueden  unir  mediadores  del  eje  SAM,  como  la  Adrenalina  y  la  Noradrenalina,  así  como 
receptores  para  los  glucocorticoides  (Marchetti  et  al.  2001).  Por  tanto,  a  través  de  estos 
receptores, tanto las CA como los GC van a modular una gran variedad de funciones del sistema 
inmunitario  como  el  tráfico  leucocitario,  la  proliferación,  la  secreción  de  citoquinas,  la 
producción de anticuerpos y la actividad citotóxica (Madden et al. 1995; Besedovsky y Del Rey, 
2011). Además, si bien las CA y los GC son las hormonas del estrés con capacidad para actuar 
sobre  las  células  inmunitarias que han  sido más estudiadas, otros  factores que  también  son 







proliferación  de  los  linfocitos  junto  con  una  respuesta  de  anticuerpos  deficiente  (Herbert  y 
Cohen, 1993; Kiecolt‐Glaser et al. 1996; Cohen et al. 2001). Este concepto aceptado durante 






el  estrés  agudo  y  suprimida  por  el  estrés  crónico.  Por  tanto,  las  CA  actuarían  activando  la 
inmunidad  y  los  GC  la  suprimirían  (Cruces  et  al.  2014).  De  forma  general,  un  estrés  agudo 
inducirá en el sistema inmunitario cambios adaptativos con el objetivo de proteger al organismo 
de  una  posible  lesión  o  infección  durante  la  respuesta  de  “lucha  o  huída”,  potenciando  la 
respuesta inmunitaria innata ya que su activación es rápida y requiere poco gasto energético. 
Por  el  contrario,  reprimirá  la  activación  de  la  inmunidad  adquirida,  y  particularmente  de  la 
capacidad proliferativa de los linfocitos, ya que ésta requiere más tiempo y energía. Conforme 
la  exposición  al  estrés  se  prolonga,  convirtiéndose  en  crónica,  se  reduce  la  capacidad  de 
adaptación  a  los  cambios  que  éste  induce,  de manera  que  el  estrés  crónico  conllevaría  una 













neuropéptido  Y;  DHEA,  dehidroepiandrosterona;  A,  adrenalina;  BEP,  ß‐endorfinas.  (Fuente: 
modificado de Murillo‐Rodríguez E, Machado S, Barbosa R Rocha N, Barciela Veras A. Temas 
Selectos  en  Neurobiología  Molecular  e  Integrativa  October  2017.  Publisher:  Universidad  del 
Mayab S.C. ISBN: 978‐607‐8083‐25‐1). Ante un estrés de tipo agudo, se activará, en primer lugar, 
el  eje  SAM,  el  cual mediante  la  liberación  de  A  y NA,  potenciará  las  funciones  inmunitarias 
innatas  de  forma  transitoria;  tras  lo  cual,  el  cortisol,  el  cual,  a  través  de  un mecanismo  de 
retroalimentación  negativa,  terminará  la  respuesta.  Por  el  contrario,  ante  un  estrés  de  tipo 
crónico, se activa principalmente el eje HHA, y mediante la liberación de cortisol, se suprimirá 
























longevidad,  que nuestro  grupo de  investigación ha propuesto un modelo de envejecimiento 
prematuro  natural  en  ratón  basado  en  las  diferencias  conductuales  manifestadas  por  los 
animales  al  enfrentarse  a  un  ambiente  novedoso  y,  por  tanto,  estresante:  la  prueba  de 
exploración conocida como el “laberinto en T” (Guayerbas et al. 2002a; 2002b; 2002c; Viveros 
et  al.  2001;  Viveros  et  al.  2007).  En  esta  prueba  y  situando  al  ratón  en  la  base  de  la  T,  se 
cronometra  el  tiempo  que  tarda  el  animal  en  llegar  a  la  intersección  de  la  T.  Dicha  prueba 
conductual se realiza una vez por semana durante cuatro semanas consecutivas. Así, cuando los 
ratones son sometidos a esta prueba conductual, se observó que algunos de ellos manifestaban 
conductas  de  inmovilización  o  congelación,  características  de  una  inadecuada  respuesta  al 
estrés, tardando más tiempo en realizar dicha prueba en las cuatro sesiones comportamentales. 
Estudios  posteriores  demostraron  que  estos  animales,  inicialmente  llamados  “slow”, 
presentaban  patrones  conductuales  y  parámetros  neurológicos,  endocrinos  e  inmunitarios 
similares a los observados en ratones cronológicamente viejos, así como una menor esperanza 
de  vida  que  aquellos  otros  ratones  del  mismo  lote,  cepa,  sexo  y  edad  que mostraban  una 





Viveros  et  al.  2007;  Vida  et  al.  2014).  Por  tanto,  los  primeros  fueron  denominados  ratones 
prematuramente envejecidos o PAM (del inglés, “Prematurely Aging Mice”), mientras que los 
segundos  se  denominaron  en  principio  NPAM  (del  inglés,  “Non‐Prematurely  Aging  Mice”). 
Posteriormente,  a  esos  NPAM  se  les  ha  denominado:    ratones  excepcionales  no 
prematuramente  envejecidos  o  E‐NPAM  (del  inglés,  “Exceptional  Non‐Prematurely  Aging 
Mice”), dado que realmente era un término más ajustado a sus características. Los ratones que 
mostraban conductas intermedias, completando la prueba conductual en distintos tiempos en 




Con  respecto  a  las  alteraciones  conductuales,  se  ha  descrito  que  los  PAM  manifiestan  un 
deterioro  de  las  capacidades  sensoriomotoras  tales  como  el  vigor  neuromuscular  y  la 
coordinación motora,  una menor  actividad  locomotora  o  exploratoria,  así  como  una mayor 
emotividad y ansiedad en comparación con los NPAM de su misma edad cronológica (Viveros et 











2006a;  Viveros  et  al.  2007;  De  la  Fuente  y  Giménez‐Llort,  2010).  Además  de  una 



















estrés. Es  importante destacar que  los mecanismos cognitivos que median  la percepción del 
estrés, el afrontamiento y la sensación de control y  los factores psicosociales, como el apoyo 
social,  son  determinantes  críticos  de  la  duración  y  la magnitud  de  una  respuesta  de  estrés 
fisiológica impulsada por el cerebro para un determinado factor estresante (Afshar et al. 2015). 
La percepción cognitiva, así como la forma de afrontar el estrés son especialmente importantes 




del  estado  de  ánimo  después  de  un  altercado  social)  o  incluso  en  ausencia  de  un  factor 
estresante físico o una amenaza saliente (Dhabhar, 2009). Para ello se desarrolló la Escala de 
estrés percibido (del inglés, “Perceived Stress Scale”, PSS) (Cohen et al. 1983), la cual constituye 








medios  y  recursos  de  los  cuales  la  persona  disponga  en  un  determinado momento  (Remor, 
2006), por lo que supone una medida de la capacidad de respuesta al estrés. De acuerdo con 













Como  se  ha  comentado  anteriormente,  el  aumento  en  la  esperanza  de  vida  y  el  progresivo 
envejecimiento de la población ha traído consigo un importante aumento de las enfermedades 
asociadas al envejecimiento. Este sería el caso de las enfermedades neurodegenerativas, como 
la enfermedad de Alzheimer  (EA), cuya prevalencia aumenta con  la edad, siendo  la causa de 
demencia  más  común  en  personas  de  edad  avanzada  (OMS,  2019).  Estimaciones  recientes 
indican que la prevalencia global de la enfermedad es de unos 35,6 millones de personas en el 
mundo  y  las  predicciones  apuntan  a  que  en  el  año  2030  existirán más  de  115 millones  de 
pacientes con EA (OMS, 2019). Además, esta enfermedad afecta a entre el 5‐10% a población 





dilucidar  las  causas  etiopatológicas  que  subyacen  a  esta  enfermedad,  al  descubrimiento  de 
métodos para diagnosticar a  los pacientes en  fases más  tempranas de  la misma, así  como a 
encontrar nuevos tratamientos para prevenir o curar la enfermedad. 
La Enfermedad de Alzheimer (EA) es un proceso neurodegenerativo progresivo e irreversible, 
que  está  asociado  al  proceso  de  envejecimiento,  y  que  se  caracteriza  clínicamente  por  una 
pérdida progresiva de la memoria, deterioro cognitivo e intelectual, así como por trastornos de 
la  personalidad  y  del  comportamiento  (Corey‐Bloom,  2002).  En  las  primeras  fases  de  la 
enfermedad el impacto psicológico en el paciente es devastador y en estadios avanzados, éste 
evoluciona a un mutismo casi absoluto con un deterioro progresivo de sus capacidades motrices 
pudiendo  llegar  a  una  total  desconexión  con  el  entorno,  siendo  incapaz  de  controlar  sus 









2004;  Iqbal  y  Grundke‐Iqbal,  2010).  En  cuanto  a  los  factores  genéticos  se  han  descrito 
alteraciones en tres genes que se han asociado a formas preseniles autosómicas dominantes de 
la enfermedad, como el gen que codifica para la proteína precursora del péptido beta‐amiloide 
(APP)  y  los  genes  de  las  presenilinas  1  y  2  (PSEN1  y  PSEN2)  (Rademakers  et  al.  2003).  Las 
mutaciones en estos genes se han encontrado principalmente en la forma hereditaria de la EA, 
también  conocida  como  EA  familiar.  Además,  un  cuarto  gen,  el  gen  de  la  apolipoproteína  E 
(ApoE), se ha asociado tanto con la forma esporádica (supone más del 95% de los casos de EA) 
como de la forma hereditaria (Corder et al. 1993; Hsiung et al. 2004).  
Neuropatológicamente,  la  EA  se  caracteriza  por  la  presencia  de  graves  alteraciones 
neurológicas,  tanto  a  nivel  anatómico  como  fisiológico  (Corey‐Bloom,  2002).  Aunque  son 
muchas las alteraciones que se observan en el cerebro de los enfermos de Alzheimer existen dos 
alteraciones  histológicas  estructurales  características,  como  son:  el  desarrollo  de  placas 
amiloides en el espacio extracelular, compuestas principalmente por el péptido  beta‐amiloide 







numerosos  estudios  longitudinales  han  demostrado  que  la  demencia  asociada  a  la  EA  es 
precedida  por  una  larga  fase  asintomática  (preclínica)  seguida  de  una  fase  de  transición 
(prodrómica) caracterizada por la presencia de un deterioro cognitivo leve (DCL) (Amieva et al. 
2008; Price et al. 2009; Sperling et al. 2011). Por tanto, esta fase intermedia ofrece numerosas 














2007;  Recuero  et  al.  2009;  Persson  et  al.  2014;  Barbagallo  et  al.  2015;  Huang  et  al.  2016; 
Butterfield and Halliwell, 2019). La falta de protección frente a la excesiva producción de ROS y 
RNS  en  el  envejecimiento  del  cerebro,  debida  a  los  déficits  en  los  sistemas  de  defensa 
antioxidantes,  podría  ser  una  de  las  causas  desencadenantes  de  la  EA,  así  como una  fuerza 




pueden  ser  detectadas  a  nivel  periférico.  En  este  sentido  se  han  encontrado  niveles  séricos 






























































































































humanos  (utilizando  los  centenarios)  como  en  animales  de  experimentación  que  de  forma 
natural alcanzan una elevada  longevidad, el segundo requisito sólo puede ser confirmado en 
animales de experimentación, ya que resulta una tarea muy difícil el monitorizar a humanos a 





























inflamatorias,  lo  que  dificulta  comprender  si  las  mismas  puedes  resultar  beneficiosas  o 








que  los  individuos  longevos,  podrían mantener preservados  los mecanismos de  respuesta  al 
estrés  celular,  entre  los  que  se  encuentran  los  eficientes  mecanismos  antioxidantes  y  anti‐
inflamatorios, que contrarrestarían el aumento asociado al avance de la edad de la oxidación e 
inflamación.  Así,  la  chaperona Hsp70  (del  inglés,  “Heat‐shock  protein”  70),  considerada  una 
proteína  fundamental  en  el  mantenimiento  de  la  homeostasis  del  individuo  al  contribuir  a 
mantener  la  estructura  conformacional  correcta  de  las  proteínas  celulares  y,  por  ende,  su 
función, se ha demostrado implicada en procesos clave del envejecimiento como la inhibición 
de  la  apoptosis  y  de  la  activación  del  factor  de  transcripción  NF‐κB.  En  este  sentido  se  ha 
comprobado que, si bien al envejecer se produce un deterioro en la inducción de esta chaperona 
ante distintos tipos de estrés, los individuos longevos mantienen esta capacidad preservada. No 







de  envejecimiento  y  longevidad,  mediante  su  estudio  en  ratones  de  distintas  edades 
incluyendo  aquellos  que  de  forma natural  alcanzan una elevada  longevidad  y  ratones  con 
envejecimiento prematuro. 
Este  objetivo  se  ha  desarrollado  en  los  siguientes  sub‐objetivos  que  se  enuncian  como 
preguntas: 












se  desconoce  si  algunos  parámetros  de  función  inmunitaria,  estrés  oxidativo  e  inflamatorio 
















3er  objetivo.  Estudio  de  la  relación  existente  entre  una  serie  de  parámetros  de  función 
inmunitaria,  estrés  oxidativo  e  inflamatorio,  así  como  conductuales  y  de  fragilidad,  y  la 
esperanza de vida alcanzada por cada ratón. 
Este  objetivo  se  ha  desarrollado  en  los  siguientes  sub‐objetivos  que  se  enuncian  como 
preguntas: 










de  envejecimiento  acelerado  y  patológico.  En  base  a  la  comunicación  entre  los  sistemas 
inmunitario,  nervioso  y  endocrino,  distintos  estudios  han  descrito  que  el  estar  sometido  a 
situaciones  de  estrés  crónico  provoca  un  aumento  del  estrés  oxidativo,  una  mayor 
inmunosenescencia  y  un  envejecimiento  acelerado.  Sin  embargo,  se  desconoce  cómo  la 
percepción  subjetiva  del  estrés,  independientemente  del  tipo  de  estrés,  puede  afectar  la 
respuesta  inmunitaria,  el  estrés  oxidativo  e  inflamatorio  y,  por  ende,  la  velocidad  de 
envejecimiento.  











inmunitaria  o  estrés  oxidativo  e  inflamatorio  podrían  ser  usados  para  la  predicción  de 
supervivencia en centenarios.  
 Por todo lo indicado se planteó el siguiente objetivo: 
4º objetivo. Validación de parámetros de  función  inmunitaria, estado redox e  inflamatorio 
como marcadores, en humanos, de envejecimiento acelerado, patológico y como predictores 
de supervivencia en centenarios tras un ingreso hospitalario e indicadores de su recuperación. 
Este  objetivo  se  ha  desarrollado  en  los  siguientes  sub‐objetivos  que  se  enuncian  como 
preguntas:  
4.1  ¿Los  parámetros  de  función  inmunitaria,  estado  redox  e  inflamatorio  se  ven 
alterados en mujeres que presentan un alto grado de estrés percibido? 
































































































The chronological age, defined as the time elapsed since 
birth, fails to be an accurate indicator of the rate of the 
aging process [1], which starts at adult age and finishes 
at the end of the life of each subject. This is due to the 
heterogeneity that aging shows in the diverse members 
of a population. This phenomenon led to the concept of 
“biological age”, which estimates how well an 
individual functions in comparison with others of the 
same chronological age [2]. Given that biological age is 
a better indicator than chronological age of the health, 
remaining healthy life span and active life expectancy 
of each subject [2-4], its determination is very relevant. 
However, despite its simple definition, quantification of 
the biological age is a difficult task. Many studies have 
been carried out trying to obtain the most appropriate 
parameters for determining biological age and have 
been mainly focused on both physiological (respiratory 
function, systolic arterial tension, hematocrit…) as well 
as   on  biochemical  (albumin,  cholesterol,  blood  urea  
nitrogen…) markers [5-10]. Moreover, other markers 
such as genetic (telomere length) [11] or epi-genetic 
(DNA methylation) [12] have also been proposed. 
Nevertheless, despite different sets of markers being 
proposed in these studies, none of them have been 
validated. Therefore, the subject is still incomplete and 
more research should be carried out. 
Most work on biological age has not included 
parameters of the immune system, which is a homeo-
static system that contributes to the appropriate function 
of the organism. It is well known that with aging there 
is an increased susceptibility to infectious diseases, 
autoimmune processes and cancer, which indicates the 
presence of a less competent immune system, exerting a 
great influence on age-related morbidity and mortality 
[13, 14]. Since it has been demonstrated that the 
functioning of the immune system is an excellent 
marker of health [15, 16] and given that several age-
related changes in immune functions have been linked 











Chronological age  is not a good  indicator of how each  individual ages and thus how to maintain good health.




lymphoproliferation  in neutrophils and  lymphocytes of peripheral blood were analyzed. The  same  functions
were measured  in peritoneal  immune cells from mice, at the corresponding ages (adult, mature, old and  long
lived)  in a  longitudinal study. The results showed that the evolution of these functions was similar  in humans







be predictive of mortality [20-22], the aim of the present 
study was to determine if some immune functions could 
be useful as markers of biological age and therefore as 
predictors of longevity. 
In order to validate a potential set of parameters as 
markers of biological age, it is necessary to confirm that 
the levels shown in particular subjects reveal their real 
health and senescent conditions and consequently, their 
rate of aging. This has to be demonstrated by meeting 
two requirements. The first is that if an adult individual 
shows values characteristic of a chronologically old 
individual, he/she should die prematurely. The second is 
that a long-lived individual, known to have experienced 
healthy aging, should have a value of these biomarkers 
similar to that of an adult [16]. The first requisite can 
only be confirmed in experimental animals, given that it 
is a difficult task to follow-up human subjects 
throughout the whole aging process due to their long 
life span. Thus, mice were chosen for our study, which 
show a mean longevity of about 2 years. Previous 
studies from our group have proposed a murine model 
of premature aging based on an inappropriate reactivity 
to stress. Thus, prematurely aging mice (PAM) are 
identified by their poor response in a simple T-maze 
test. These PAM at the adult age showed a premature 
immunosenescence that was accompanied by a shorter 
lifespan compared to their counterpart non prematurely 
aging mice (NPAM) of the same sex and chronological 
age [23, 24]. The second requirement can be confirmed 
in both humans (centenarians) and experimental animals 
such as extremely long-lived mice. 
Among all the possible functions of immune cells, we 
have focused on the ones that are the most relevant in 
the immune response and are known to experience an 
age-related decrease [25]. In phagocytes, their ability to 
migrate towards the focus of infection (chemotaxis) and 
their capacity to ingest foreign particles (phagocytosis); 
in natural killer (NK) cells, their capacity to destroy 
tumor cells and in lymphocytes, their ability to migrate 
towards the site of antigen recognition (chemotaxis) and 
to proliferate in response to mitogens (lympho-
proliferation).  
Thus, in order to validate the above mentioned immune 
functions as markers of biological age and predictors of 
longevity, these functions were studied in leukocytes 
isolated from peripheral blood of human subjects in a 
cross-sectional study, from their 30s until their 100s. In 
addition, the same functions were analyzed in leukocytes 
obtained from peritoneum of mice without killing them, 
enabling a longitudinal study to be performed, starting at 
the adult age and following each animal until its death. 
The same functional parameters were also assessed in 
peritoneal leukocytes from adult PAM and NPAM.   
RESULTS 
In this study, in order to identify and validate several 
functions of immune cells as markers of biological age 
and predictors of longevity, their age-related changes 
were measured in leukocytes from both humans and 
mice. 
The results obtained in the functions studied in isolated 
human blood neutrophils (chemotaxis and phagocytic 
capacities) and mononuclear cells, principally 
lymphocytes and NK cells (the anti-tumor cytotoxic 
activity of NK cells as well as the chemotaxis and 
proliferative response of lymphocytes to mitogens), 
obtained from adult, mature, old and long-lived subjects 
are shown in Fig. 1. Neutrophil chemotaxis (Fig. 1.A1) 
and phagocytosis (Fig. 1.B1), as well as the activity of 
NK cells (Fig. 1.C1), lymphocyte chemotaxis 
(Fig.1.D1) and proliferative response (Fig.1.E1) showed 
lower values (P<0.001) in old individuals in 
comparison to those in adults. These lower values were 
also shown in mature subjects (P<0.001 in neutrophil 
chemotaxis and phagocytosis; P<0.01 in chemotaxis of 
lymphocytes and P<0.05 in NK activity). In addition, to 
further explore the relationship between the age and the 
immune parameters analyzed, Pearson´s correlations 
were carried out (Table 1). The results showed 
statistically significant negative correlations (P<0.001) 
between the age of the subjects and the values of all the 
immune functions evaluated. 
In peritoneal leukocytes from mice these immune 
functions, analyzed at the corresponding ages to 
humans, but in a longitudinal study, changed in a 
similar manner (Fig.1A2, B2, C2, D2 and E2). Thus, the 
results showed a significant decrease (P<0.001) in the 
values of all the functions studied at old age with 
respect to those when they were adults. This decrease 
was also appreciated at mature age (P<0.001 in 
phagocytosis of macrophages and lymphoproliferation, 
P<0.01 and P<0.05 in chemotaxis of macrophages and 
lymphocytes, respectively). Therefore, the results 
revealed that these immune functions of murine 
peritoneal leukocytes present a similar age-related 
evolution to those in human blood immune cells. 
Considering the state of these functions in subjects 
which reach a high longevity, and consequently have 
attained successful aging, both humans and mice 
showed in general, more similar values to those 
observed at adult age than to those at old age, primarily 
in mice (Fig. 1). Thus, human centenarians showed 
higher values in all the functions analyzed with respect 
to old subjects (P<0.05 in neutrophil chemotaxis and 
lymphoproliferation; P<0.001 in neutrophil phago-












Figure  1.  Age‐related  changes  in  immune  functions  in  peripheral  blood  leukocytes  from  humans  and  in
peritoneal leukocytes from mice. (A) Phagocytic Index: number of latex beads ingested per 100 human neutrophils (A.1) or
mouse macrophages  (A.2  and A.3);  (B)  Chemotaxis  Index:  number  of  phagocytes  on  the  filter,  human  neutrophils  (B.1)  or
mouse macrophages  (B.2 and B.3);  (C) NK cytotoxic activity  (percentage of  lysis of tumor cells) of human  leukocytes  (C.1) or
mouse leukocytes (C.2 and C.3). (D) Chemotaxis Index: number of human lymphocytes on the filter (D.1) or mouse lymphocytes
(D.2 and D.3);  (E) Percentage of proliferation of  lymphocytes  in response to the mitogen Phytohaemagglutinin  in the case of








Comparing to adults, human centenarians showed a 
higher phagocytosis (P<0.001) but lower neutrophil 
chemotaxis (P<0.001), NK activity and lympho-
proliferation (P<0.05), whereas no statistically 
significant differences were found between centenarians 
and adults in lymphocyte chemotaxis. Long-lived mice 
also showed a significant increase in all the functions 
analyzed with respect to when they were old (P<0.05 in 
macrophage phagocytosis, NK activity and lympho-
proliferation; P<0.001 in macrophage and lymphocyte 
chemotaxis). No statistically significant differences 
were found in mice between when they are adult and 
long-lived in macrophage chemotaxis and phagocytosis, 










































lived mice showed a decrease in lymphoproliferation 
(P<0.05) with respect to the adult age. 
With regard to the model of premature aging in mice, 
chronologically adult PAM showed lower values in all 
the immune functions analyzed (P<0.001) in relation to 
their adult NPAM counterparts (Fig. 1.A3 to Fig. 1.E3). 
Furthermore, in comparison to adult mice from the 
longitudinal study, PAM also showed significantly 
lower values (P<0.001) in chemotaxis of macrophages, 
NK activity and lympho-proliferation, as well as in 
phagocytosis (P<0.01). The values in PAM were 
similar to those observed in chronologically old mice. 
Moreover, PAM exhibited a shorter life span (P<0.01) 







functions  analyzed  in  human  peripheral  blood  leukocytes  and 
the age of the subjects.  
CORRELATION 
COEFICIENT (r) P 
Neutrophil Chemotaxis -0.632 0.000 ***
Neutrophil Phagocytosis -0.711 0.000 ***
Natural Killer Activity -0.589 0.000 ***
Lymphocyte Chemotaxis -0.551 0.000 ***
Lymphoproliferation -0.486 0.000 ***






Many efforts have been made to define the best means 
for measuring biological age, but considerable 
disagreement exists concerning the logical strategy for 
the selection criteria of the corresponding biomarkers. 
For example, cross-sectional designs can only indicate 
differences between age groups at a specific point in 
time. Therefore, in order to conclude that changes have 
occurred because of aging phenomena, longitudinal 
designs are needed [7].  In the present study, the 
selection of biomarkers of aging has been based on both 
cross-sectional data in humans (because it is very 
difficult to carry out a longitudinal study throughout 
aging in our species) and longitudinal data in mice. To 
our knowledge, this is the first study that combines 
results from humans and experimental animals as well 
as showing the results of a longitudinal study performed 
in mice, initiated at the adult age of 40 weeks 
(equivalent to 40 years in humans) until the natural 
death of the animals.  
The immune system is relatively immature at birth and 
completes its development at the end of growth, which 
is during the second decade of life in human beings 
[26]. The brain is not fully mature until the early 20s 
[27, 28] and some hormones reach their peak at 25 
years of age [29]. For these reasons, the decision to 
begin the study at the age of 30 years in humans, and 
the corresponding age in mice, was taken in order to 
ensure that all of the adult subjects had already 
developed a mature and competent immune system and 
had already begun the aging process. 
With respect to the biological age markers chosen, these 
were relevant functions of the immune system.  This 
physiological system is a complex mechanism of 
defense of the organism against the continual infectious 
processes and cancers to which we are submitted since 
birth. Moreover, this system is also involved in 
repairing the damage, and maintaining and restoring 
tissue integrity [30, 31]. To carry out all these functions, 
the immune system cells, phagocytes and lymphocytes, 
show a wide range of capacities, which constitute the 
so-called "immune response". However, the defensive 
role of the immune system is compromised during the 
aging process, since with the advance of age the number 
of tissue injuries in the body increases as well as the 
infection processes and cancers and consequently, the 
mechanisms of defense are more frequently required. In 
fact, almost every component of the immune system 
undergoes striking age-associated restructuring, leading 
to changes that may include enhanced as well as 
diminished functions. Some of these age-associated 
changes in immune functions, which constitute the 
denominated immunosenescence, have been linked to 
longevity both in mice [25] and in humans [15-18, 32]. 
In this sense, the immune function parameters are the 
best choice to be biomarkers of biological age.  
Although both innate and adaptive immunity suffer age-
related changes, most studies in humans and mice have 
focused on the severe deterioration of adaptive immune 
response with age. Thus, aspects of innate immunity 
most typically studied such as phagocytosis and NK cell 
cytotoxicity, have been considered to remain relatively 
unaffected [17]. An aspect of the innate immune 
response such as mobility to the focus of infection 
following a chemical gradient (chemotaxis) has been 
hardly studied in this context. However, more recent 
work has shown that innate immunity is also very 
affected by aging [25, 33]. For this reason, and even 
though a few parameters of adaptive immunity have 
allowed the definition of the “immune risk phenotype” 
[19, 34], since they are very limited and have not been 
validated as markers of biological age, in the present 
study several relevant functions of innate immunity 
such as chemotaxis, phagocytosis and NK activity as 
well as other functions of adaptive immunity such as 
proliferation of lymphocytes, were chosen. Age-related 
changes in immune cell populations were not analyzed 
in this study. Even though the effectiveness of an 
immune response could be influenced by immune cell 
population changes (in terms of frequency or counts), 
the study of these changes could give incomplete 
information about the immune response capacity. Thus, 
an increase in the number of a specific immune cell type 
does not imply a better performance of these cells, but 
rather the opposite. In fact, it has been shown that there 
is an age-related increase in the number of CD3-
CD56(+) NK cells, which has been explained by a 
compensatory mechanism towards the age-related loss 
of the  functional capacity  of these cells [35, 36]. 
This is the first study in which these functions have 
been validated as indicators of an individual´s health 
and biological age. Thus, they were preserved in long-
lived individuals (both human centenarians and 
extremely long-lived mice), which are expected to have 
withstood the detrimental effects of the aging process 
better than those individuals who do not live to extreme 
old age. In addition, mice, which at the adult age 
already have similar immune function values to those of 
chronologically old animals, achieve a shorter lifespan. 
Although this second aspect has not been addressed in 
humans, since the age-related evolution of these immune 
functions is similar in both mice and humans, it can be 
assumed that those humans showing immune parameters 
at the levels of older subjects have a higher biological age 
and consequently they will not live so long. In fact, the 
present study reveals that there is an age-related decline 




human blood neutrophils and lymphocytes, as well as in 
peritoneal macrophages and lymphocytes from mice, 
with the lowest values in elderly humans (65-79 years of 
age) and old mice (72 weeks of age). This age-related 
decline was further supported by the strong negative 
correlation coefficients obtained in humans. 
Recent studies have suggested that a big cohort of 
parameters is needed in order to accurately estimate the 
biological age [37]. The present study demonstrates that 
the five immune functions analyzed are valid enough to 
be used as indicators of an individual´s health and 
remaining lifespan and therefore, are proposed as 
markers of biological age. In addition, these immune 
function parameters can be useful for the early 
identification of accelerated aging in humans, which 
may offer opportunities for prevention of age-related 
diseases and premature death. Furthermore, as the 
maintenance of health and consequently the rate of 
aging, principally depend on environment and lifestyle 
[16, 38], several strategies such as nutritional (caloric 
restriction or antioxidant administration) and physical 
exercise interventions, which can improve the immune 
response [39], are increasingly being used to slow down 
the aging process. However, as there is no accurate way 
of testing their effectiveness, the immune functions 
proposed in the present study will also be an aid for 
monitoring the effectiveness of such interventions. 
Moreover, due to the easy obtainability of the samples 
in which the immune parameters can be studied, our 
proposal will be very helpful in controlling health and 
promoting a healthy longevity.   
MATERIALS AND METHODS 
Subjects 
A total of 140 human volunteers (78 women; 62 men) 
between 30-103 years old were studied and divided into 
four different experimental groups: adult (30-49 years-
old; 18 women and 17 men), mature (50-64 years-old; 18 
women and 17 men), old (65-79 years-old; 18 women 
and 17 men) and long-lived subjects (90-103 years-old; 
24 women and 11 men). All the participants are members 
of the Spanish population. The inclusion criteria 
were that the subject should be in a healthy condition 
(absence of pathology or findings of clinical significance 
in general laboratory parameters). All participants have 
given written consent for the use of their blood samples 
for the purposes of this study. All procedures were 
carried out according to the Declaration of Helsinki.  
Experimental animal 
Female ICR/CD1 ex-reproductive mice (Mus musculus) 
were used in this study. Animals were purchased from 
Janvier Labs (Germany) at the adult age (32±4 weeks), 
and were placed and acclimatized in the Animal Facility 
at the Faculty of Biology (UCM). Mice were housed at 
4-5 per cage and maintained in standard laboratory
animal conditions for pathogens, temperature (22±2ºC)
and humidity (50-60%), on a 12/12 h reversed
light/dark cycle (lights on at 20:00 h) to avoid circadian
interferences. Mice had access to tap water and standard
pellets (Panlab, Spain) ad libitum.  One group of
animals (n=40) was used for the longitudinal study. The
collection of peritoneal suspensions was at the adult
(40±4 weeks; n=38), mature (56±4 wk; n=25), old
(72±4 wk; n=15) and long-lived (96±4 wk; n=11) ages.
Another group of animals were classified as
prematurely aging mice (PAM) (n=10) and non-
prematurely aging mice (NPAM) (n=10) according to
their different behavior in a T-maze, as previously
described [23, 24]. After their classification, the
collection of the peritoneal suspensions was only at the
adult age (40±4 wk). All the experiments were approved
by the Experimental Animal Committee of Complutense
University of Madrid (UCM) (Spain) and were in
accordance with the guidelines of the European
Community Council Directives ECC/566/2015.
Classification of mice according to a model of 
premature aging: T-maze test 
One week after their arrival and acclimation in the 
Animal Facility of the Faculty of Biology (UCM), one 
group of adult female ICR/CD1 mice (33±4 weeks) 
were classified as PAM and NPAM according to their 
different behavior in a T-maze, as previously described 
[23, 24]. This T-shaped maze essentially consists of 
three arms made of wood, whose internal surfaces are 
covered with black methacrylate. The inside dimensions 
of each arm are 10 cm wide, 25 cm long, and 10 cm 
high. The floor is made of 3 mm-thick cylindrical 
aluminum rods placed perpendicularly to the side walls. 
The test is performed by holding the mouse by the tip of 
its tail and placing it inside the “vertical” arm of the 
maze with its head facing the end wall. Its performance 
is evaluated with a chronometer to measure the time the 
animal takes to cross the intersection of the three arms 
with both hind legs. This test was carried out four times, 
once a week, to sort the PAM (that required > 10 s to 
complete exploration of the first arm at each test) from 
the NPAM (that completed the exploration in < 10 s in 
each test). Animals showing an intermediate response to 
the T-maze were removed from the study. Thus, we had 
two groups of animals: one group including the NPAM 
population (n=10) and another including the PAM 
population (n=10). This test was always performed 
between 09:00 and 11:00 h (to avoid circadian 




Collection of human blood samples and isolation of 
neutrophils and lymphocytes 
Peripheral blood samples (10 mL) were collected using 
vein puncture and sodium citrate-buffered Vacutainer 
tubes (BD Diagnostic, Spain), between 9:00 to 10:00 
a.m. to avoid circadian variations in immune para-
meters. Neutrophils and lymphocytes cells were isolated
from whole blood following a previously described
method [40], using 1.119 and 1.077 density Hystopaque
(Sigma-Aldrich, Spain) for neutrophil and lymphocyte
separation, respectively. Collected cells (95% of
viability determined using trypan blue staining) were
adjusted to the corresponding final concentrations for
the development of each assay.
Collection of murine peritoneal leukocytes 
Murine peritoneal suspensions were collected between 
8.00 am and 10.00 a.m., to minimize circadian 
variations of the immune parameters studied. The use of 
peritoneal cell sample has the main advantage of not 
having to sacrifice the animals. Without using 
anesthesia, mice were held by cervical skin, the 
abdomen was cleansed with 70% ethanol (Sigma-
Aldrich), and 2 ml of sterile Hank´s solution, previously 
tempered at 37ºC, was injected into the peritoneum 
[25]. After massaging the abdomen, approximately the 
80% of injected volume was recovered by the needle 
employed for the injection of Hank´s. Leukocytes from 
peritoneal suspensions were identified by their 
morphology (macrophages or lymphocytes) and 
quantified (number of cells/mL) in Neubauer chambers 
using optical microscopy (x40). Cellular viability, 
which was routinely checked before and after each 
experiment by the trypan blue (Sigma-Aldrich) 
exclusion test, was higher than 95±1% in all cases. The 
following studies were performed using unfractionated 
peritoneal leukocytes to better reproduce the in vivo 
situation. The peritoneal suspensions were adjusted to a 
specific number of macrophages, lymphocytes or total 
leukocytes, depending on the parameter analyzed as 
described in the corresponding section. 
Chemotaxis 
The induced mobility or chemotaxis of neutrophils, 
macrophages and lymphocytes was evaluated according 
to the method previously described [25, 40]. Cell sus-
pensions were deposited in the upper compartment of a 
Boyden chamber separated by a filter of polycarbonate 
(3 µm of diameter; Merl-Millipore, Ireland). The 
number of cells (neutrophils, macrophages and 
lymphocytes) that migrated toward the chemoattractant 
agent, formyl-Met-Leu-Phe (fMLP, 10-8 M, Sigma-
Aldrich), deposited in the lower compartment of the 
chamber, was counted in the lower face of the filter that 
separates the two compartments of the chamber. This 
number was expressed as Chemotaxis Index.  
Phagocytosis 
Phagocytosis of inert particles (latex beads, 1.1 μm 
diameter, Sigma-Aldrich) was assayed in phagocytes 
(neutrophils and macrophages) following a method 
previously described [25, 40]. Cell suspensions were 
incubated on migration inhibition factor (MIF) plates 
(Kartell, Noviglio, Italy) for 30 min at 37 ºC in a 
humidified atmosphere. The adherent monolayers 
obtained were washed with pre-warmed PBS solution, 
and then 200 μl of Hank´s solution and 20 μl of latex 
beads (1.1 μm diluted to 1% PBS, Sigma-Aldrich) were 
added. After 30 min of incubation under the same 
conditions, the plates were washed, fixed with methanol 
(50%) and stained with Giemsa´s solution (Sigma-
Aldrich). The number of particles ingested by 100 
neutrophils or 100 macrophages was counted and this 
was expressed as Phagocytic Index.   
Natural killer cytotoxicity 
The natural killer (NK) cell cytotoxicity was evaluated 
following an enzymatic colorimetric assay (Cytotox 96 
TM Promega, Boeringher Ingelheim, Germany) based 
on the determination of lactate dehydrogenase (LDH) 
released by the cytolysis of targets cells (human K562 
lymphoma cells or murine YAC-1 lymphoma cells), 
using tetrazolium salts [25, 40].  The results were 
expressed as the percentage of tumor cells killed (% 
lysis). 
Lymphoproliferation 
The proliferation capacity of lymphocytes was 
evaluated by a standard method, previously described 
[25, 40]. The assay was assessed in both basal and 
stimulated conditions using mitogens [phytohema-
glutinin (PHA) and concanavaline A (Con A), for 
humans and mice, respectively]. Cells suspensions were 
dispensed into 96-wells plates (Costar, Cambridge, MA, 
USA). 20 μl/well of complete medium, PHA or Con A 
(1 μg/mL, Sigma-Aldrich) were added. After 48 h of 
incubation at 37ºC in a sterile and humidified 
atmosphere of 5% CO2, 2.5 μCi 3H-thymidine 
(Hartmann Analytic, Germany) were added to each 
well, followed by another incubation of 24 h. Cells were 
harvested in a semiautomatic harvester (Skatron 
Instruments, Norway) and thymidine uptake was 
measured in a beta counter (LKB, Upsala, Sweden) for 
1 min. The results were calculated as 3H-thymidine 
uptake (counts per minute, cpm) for basal and 




lymphoproliferation capacity (%) giving 100% to the 
cpm in basal conditions. 
Statistical analysis 
SPSS 21.0 (SPSS, Chicago, USA) was used for the 
statistical analysis of the results. All data are expressed 
as the mean ± standard deviation (SD) of the values 
corresponding to subjects, being each value the mean of 
duplicate assays. The normality of the samples and the 
homogeneity of variances were checked by the 
Kolmogorov–Smirnov and Levene analyses, 
respectively. Differences due to age were studied 
through Student´s t test for independent samples. 
The Pearson correlation coefficient was used to test for 
correlation between parameters. Two-sided P<0.05 was 
considered the minimum level of significance. 
Differences in life span were studied through the 
Kaplan-Meier test, with a minimum significance level 
(log rank, Mantel-Cox) also set at P<0.05. 
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Abstract
Oxidative stress has been reported to increase with aging, and although several age-related changes in redox parameters have been described, 
none of them have been verified as markers of the rate of aging and life span. Therefore, antioxidant (catalase, glutathione peroxidase, 
reductase activities, and reduced glutathione) and oxidant (oxidized glutathione, basal superoxide anion, and malondialdehyde concentrations) 
parameters were studied in whole blood cells from humans divided into different age groups (adult, mature, older adult, nonagenarian, and 
centenarian) in a cross-sectional study. Moreover, the same parameters were investigated in peritoneal leukocytes of mice at the analogous 
human ages (adult, mature, old, very old, and long-lived) in a longitudinal study as well as in adult prematurely aging mice. The results reveal 
that the age-related alterations of these markers are similar in humans and mice, with decreased antioxidants and increased oxidants in old 
participants, whereas long-lived individuals show similar values to those in adults. In addition, adult prematurely aging mice showed similar 
values to those in chronologically old mice and had a shorter life span than nonprematurely aging mice. Thus, these parameters could be 
proposed as markers of the rate of aging and used to ascertain biological age in humans.
Keywords: Antioxidants, Oxidants, Longevity, Biological age markers, Oxidative stress
The free radical theory of aging was initially proposed by Harman (1) 
and then modified and eventually merged with the “oxidative stress 
theory of aging,” which postulates that if free radicals cause a stress 
that cells can cope with, then damage will not occur because anti-
oxidant defenses will overwhelm such stress. Age-associated damage 
will take place only when there is a shift in the pro-oxidant/antioxi-
dant balance in favor of the former (2). Nowadays, this theory is 
highly controversial due to the appearance of studies showing that 
an increase in reactive oxygen species (ROS) generation, in some 
cases, increases longevity (3,4). Nevertheless, this outcome could be 
due to a hormetic response. Thus, a continued exposure to mild lev-
els of ROS can activate stress response pathways that will increase 
expression of antioxidant enzymes, increasing metabolic health 
and life span, as has been previously suggested (5). Other evidence 
against the theory comes from epidemiological studies showing that 
antioxidant supplementation did not lower the incidence of many 
age-associated diseases but, in some cases, increased the risk of 
death, as reviewed in [6]. However, it has to be taken into account 
that a reductive stress can also lead to damage (7). Another explan-
ation is that by giving powerful antioxidants, one may hamper the 
useful adaptations to oxidative stress (8). Nevertheless, higher oxi-
dative stress markers have been reported in different tissues from 
old participants in several species (9,10) and humans (11,12). In 
addition, the participation of oxidative stress in several age-related 
diseases, including cardiovascular disease, atherosclerosis, arthritis, 
diabetes, neurodegenerative disorders, and cancer, has been observed 
(13,14). However, data from healthy humans along the aging pro-
cess are scarce and sometimes inconsistent (15,16). Moreover, most 
of the research relies on cross-sectional data, given the difficulty of 
following-up humans during the whole aging process, and therefore, 
it cannot be concluded that the perceived changes are due to aging. 
In addition, there are not many studies that include long-lived indi-
viduals. By their ability to surpass average life expectancy, naturally 












verse effects of aging more advantageously than who do not reach 
extreme old ages (17). Therefore, the study of such individuals may 
provide important insights into the process of aging.
The fact that some participants live until extreme ages and others 
do not brings up another important characteristic of aging: that it is 
heterogeneous, which means that not every single individual ages at 
the same rate, this being the reason why the idea of biological age 
emerged (18,19). Therefore, the biological age of a participant would 
indicate his/her aging rate and would be more indicative of his/her ac-
tive life expectancy than chronological age (20). However, despite the 
attempts to identify reliable biomarkers that will indicate the aging 
rate, this aim has not been achieved yet (21). An additional problem 
is the need to find easy to measure, reproducible and noninvasive 
biomarkers. Given the oxidative stress basis of aging, it is possible to 
think that several redox markers known to experience an age-related 
increase or decrease could be used as biomarkers of the rate of aging. 
However, to be valid as a biomarker of aging, a given parameter has to 
meet two conditions: The first one being that a long-lived individual, 
which has reached that age as a result of maintaining a healthy aging, 
should have a value of this parameter similar to that of an adult. The 
second being that if an adult individual shows a parameter with a 
value typical of old individuals, he/she should live a shorter time than 
the ones that keep that value within the adult range (1,22).
Therefore, the goal of our study was to investigate whether sev-
eral redox parameters could be validated as markers of the aging 
rate in humans. For this purpose, peripheral blood was selected as a 
sample of study because it reflects the redox balance of other tissues 
(23) and because it is the easiest sample to collect in the clinical scen-
ario. Thus, antioxidant (catalase [CAT], glutathione peroxidase [GPx], 
glutathione reductase [GR] activities, and reduced glutathione [GSH]
concentrations) as well as pro-oxidant (oxidized glutathione [GSSG]
concentrations, GSSG/GSH ratios, malondialdehyde [MDA], and
basal superoxide anion [O2
•−] concentrations) parameters were ana-
lyzed in human whole blood cells in a cross-sectional study, including
individuals from 30 to 103 years old. In addition, a longitudinal study 
was accomplished in mice, in which animals were tracked individually 
until they died. The same parameters were, therefore, investigated at
the analogous human ages in mice to validate them as predictors of
life span. Because in mice it was not feasible to obtain enough blood
to make all the desired measurements, peritoneal leukocytes were
chosen. Peritoneal leukocytes represent an interesting sample type
given that they can be extracted without killing the mice, enabling a
longitudinal study to be performed. In addition, it has been demon-
strated that the redox balance of peritoneal leukocytes reflects that of
other tissues in mice (24) and that the age-related function decline ex-
perienced by peritoneal leukocytes in mice reflects that experienced by 
human leukocytes (22). In addition, to further validate these param-
eters as predictors of life span, they were also investigated in a model
of premature aging mice (PAM) based on an inappropriate reactivity
to stress. These PAM, at the adult age, show premature immunosenes-
cence (22), premature frail state (25), higher oxidative stress levels in
spleen and brain (26), and shorter life span compared with their ex-
ceptional nonprematurely aging mice (E-NPAM) counterparts of the
same sex and chronological age (reviewed in ref. (27)).
Methods
Participants
The study was accomplished on 145 healthy individuals (64 men 
and 81 women). All individuals are part of the Spanish popula-
tion. These participants were split into five groups. The adult group 
comprised 35 participants (17 men and 18 women) aged between 
30 and 49 years. The mature group comprised 43 participants (21 
men and 22 women) aged between 50 and 64 years. The older adult 
group comprised 31 participants (15 men and 16 women) aged 
65–79  years. The nonagenarian group comprised 31 participants 
(10 men and 21 women) aged between 90 and 99 years, and the 
centenarian group comprised 5 participants (1 man and 4 women) 
aged 100–103 years. The inclusion criterion was that the individual 
should be in healthy condition (absence of disease and of unusual 
values in routine laboratory parameters). All participants gave in-
formed consent, and all procedures followed the guidelines of the 
Helsinki Declaration.
Mice
The study was carried out with outbred ICR/CD1 female mice (Mus 
musculus), acquired from Janvier Labs (Germany) when they were 
32 ± 4 weeks old and placed in the Animal Facility located at the 
Faculty of Biology (Complutense University of Madrid, UCM). 
Female mice were used for this study because male mice show ag-
gressive and dominant behavior when caged together and it has 
been shown that social isolation causes alterations in the neuroim-
munoendocrine communication (28). Mice were in groups of four 
to five per cage and kept at a constant temperature (22 ± 2°C), hu-
midity (50%–60%), on a 12/12 hours reversed light/dark cycle. Mice 
had access to standard pellets (Panlab, Spain) and tap water ad lib-
itum. One group of animals (n = 40) was monitored longitudinally. 
Maximal life span was 136 weeks, whereas the average life span was 
70 weeks. The 40-week-old animals come from the flat part of the 
longevity curve so we can consider these animals, adult mice. By con-
trast, the 56-week-old animals come from the survival curve where 
mortality has already affected about 20% of the animals so we can 
consider them mature mice, and the 72-week-old animals come from 
the survival curve where more than 50% of the animals have died so 
we can consider them old mice. Extraction of peritoneal leukocytes 
was performed at the adult (n = 38; 40 ± 4 weeks), mature (n = 25; 
56 ± 4 weeks), old (n = 15; 72 ± 4 weeks), very old (n = 11; 96 ± 4 
weeks), and long-lived (n = 3; 120 ± 4 weeks) ages. Another group of 
mice were categorized depending on their behavior in a T-maze test, 
in PAM (n = 10) and E-NPAM (n = 10) as it is described previously. 
In these groups, extraction of the peritoneal suspensions was only 
performed at the adult age (40 ± 4 weeks). All the procedures were 
approved by the Experimental Animal Committee of UCM (Spain) 
and followed the guidelines of the European Community Council 
Directives ECC/566/2015.
Classification of Mice in PAM and E-NPAM Using 
the T-Maze Test
Female outbred ICR/CD1 mice (33 ± 4 weeks) were submitted to 
the T-maze and depending on their behavior were sorted as PAM 
and E-NPAM, following a previously published procedure (25). The 
T-shaped maze is composed of three wooden arms (each 10 cm wide; 
25 cm long; 10 cm high) covered with black methacrylate. The floor
consists of cylindrical aluminum rods. The test is initiated by placing 
the mouse (holding it by its tail) inside the base of the “T” facing the
end wall. The time that each mouse took to cross the junction of the
“T” was measured. This test was performed once per week during
1 month to divide the PAM (which required > 10 seconds to cross
the junction at each test) from the E-NPAM (that completed the ex-
ploration in <10 seconds in each test). Those mice that showed an
intermediate response to the T-maze (requiring less than 10 seconds












sometimes and others more than 10 seconds) were not taken into 
account in this study. This test was always performed on red light 
between 09:00 and 11:00 hours.
Extraction of Human Blood Samples and Isolation 
of Neutrophils and Lymphocytes
Blood samples were obtained using sodium citrate as anticoagulant. 
Whole blood cells (including erythrocytes and total leukocytes) were 
obtained as previously described (29). Aliquots of peripheral blood 
were diluted 1:1 in RPMI 1,640 (Gibco, Canada) and were incubated 
4 hours at 37°C in a saturated atmosphere of humidity and CO2. 
After centrifugation at 900g 10 minutes, plasma was removed and 
whole blood cell pellets were stored at −80°C until used. Isolation 
of polymorphonuclear neutrophils and mononuclear (principally 
lymphocytes) cells was accomplished using 1.119 (neutrophil) and 
1.077 (lymphocyte) density Hystopaque (Sigma–Aldrich, Spain), as 
previously described (19). Collected cells were adjusted to the cor-
responding final concentrations for the development of each assay.
Extraction of Peritoneal Leukocytes From Mice
Murine peritoneal leukocytes were extracted between 8.00 and 10.00 
a.m. to avoid differences due to circadian variations. Mice were im-
mobilized by cervical skin, and 2 mL of Hank’s solution at 37°C
was injected into the peritoneum (22). The abdomen of the mouse
was massaged, and Hank’s solution containing peritoneal leukocytes 
was recovered. Leukocytes were quantified using Neubauer cham-
bers and adjusted to 106 cells/mL in Hank’s solution. Unfractionated
peritoneal leukocytes were chosen for the following assays to better
resemble the in vivo situation.
Catalase Activity
CAT activity was quantified as previously reported by Beers and 
Sizer (30), with the following modifications. Peritoneal leukocytes 
and whole blood cells were resuspended in oxygen-free phosphate 
buffer (pH 7.4, 50 mM). Then, they were sonicated, and after cen-
trifugation at 3,200g for 20 minutes, supernatants were obtained. 
H2O2 (14  mM) was used as substrate. Human supernatants were 
diluted 1:1,000 prior the assay. The reaction was calculated by fol-
lowing the absorbance decline at 240 nm over 80 seconds. In the 
same samples, protein concentration was calculated (BCA protein 
assay kit; Sigma-Aldrich), and the results are expressed as units (U) 
of CAT activity per milligram of protein.
Glutathione Peroxidase Activity
GPx activity was analyzed by using a previous method (31) with 
some modifications. Peritoneal leukocytes and whole blood pellets 
were resuspended in oxygen-free phosphate buffer (pH 7.4, 50 mM). 
Then, they were sonicated, and after centrifugation at 3,200g at 4°C 
for 20 minutes, supernatants were collected. Human supernatants 
were diluted 1:30 prior the assay. Cumene hydroperoxide was used 
as substrate (cumene-OOH; Sigma). The activity was followed meas-
uring the absorbance decline at 340 nm over 5 minutes. Protein con-
centration was calculated as described previously. The results are 
expressed as units (U) of GPx activity per milligram of protein.
Glutathione Reductase Activity
GR activity was analyzed following a method previously described 
(32). Peritoneal leukocytes and whole blood cells were resuspended 
in oxygen-free phosphate buffer (pH 7.4, 50 mM). Then, they were 
sonicated, and after centrifugation at 3,200 g at 4°C for 20 minutes, 
supernatants were collected. Human supernatants were diluted 1:5 
prior the assay. GSSG (80 mM) was used as substrate and, by fol-
lowing the absorbance decline at 340 nm over 5 minutes, the activity 
was calculated. Protein concentration was evaluated as described 
previously. The results are expressed as units (U) of GR per milli-
gram of protein.
Glutathione Concentration
Both GSH and GSSG were measured following a fluorometric 
assay (33). This method relies on the reaction capacity that gluta-
thione (both GSSG and GSH) shows with o-phthalaldehyde (OPT), 
at pH 12 and pH 8, respectively, forming a fluorescent compound. 
Peritoneal leukocytes and whole blood cells were resuspended in 
phosphate buffer (pH 8 50 mM, EDTA 0.1 M). Then, samples were 
sonicated, 7.5 µL of HClO4 (60%) were added and they were cen-
trifuged 10 minutes at 9,500g. Ten microliters from supernatants 
was dispensed into 96 black plates. For GSSG quantification, 
N-ethylmaleimide (NEM, 0.04 M) was added to samples to prevent
oxidation of the existing GSH into GSSG during sample preparation. 
OPT was dispensed into each well, and after 15-minute incubation,
fluorescence was measured at 420  nm. Protein concentration was
calculated as described previously. Results are expressed as nmol of
GSSG/mg protein or GSH/mg protein. In addition, GSSG/GSH ratio
was calculated for each sample.
Intracellular Superoxide Anion Concentration
The quantification of intracellular superoxide anion was performed 
following a method described previously (34). Murine peritoneal 
suspensions or human isolated neutrophils were adjusted to 106 
macrophages or neutrophils/mL and mixed with nitroblue tetra-
zolium (1  mg/mL). After 60-minute incubation, the reaction was 
stopped using HCl 0.5 M (Sigma–Aldrich). Samples were centri-
fuged at 1,600g for 30 minutes, supernatants were removed, and 
dioxin was used to extract the intracellular reduced nitroblue tetra-
zolium. Absorbance of the supernatants was quantified at 525 nm. 
The results are expressed as nmol O2
•–/106 macrophages or neutro-
phils by extrapolating from a standard curve of nitroblue tetrazo-
lium reduced with 1,4-dithioerythritol (Sigma–Aldrich).
Malondialdehyde Concentration
Quantification of MDA was achieved using the commercial kit “Lipid 
peroxidation (MDA) Assay Kit” (Biovision). To prevent further for-
mation of MDA during the preparation of the sample or during the 
heating step, the antioxidant butylated hydroxytoluene was added 
to the lysis buffer with a final concentration of 0.1 mM. Briefly, peri-
toneal leukocytes and whole blood cells were resuspended in 300 µL 
of MDA lysis buffer (containing butylated hydroxytoluene), sonic-
ated, and centrifuged at 13,000g for 10 minutes. Supernatants were 
collected, mixed with thiobarbituric acid, and incubated in a water 
bath at 95°C for 60 minutes. Then, after centrifugation at 130,00g 
for 10 minutes, supernatants were obtained, added into a 96-well 
plate, and absorbance at 532 nm was measured. Protein concentra-
tions were calculated as described previously. Results are expressed 
as nmol MDA per milligram protein.
Statistical Analysis
Statistical analysis of the results was performed with SPSS 21.0 
(SPSS, Chicago, IL) software. Normality of the samples and homo-
geneity of variances were checked by the Kolmogorov–Smirnov and 












post hoc analysis was used to investigate differences due to age and 
sex in human samples, whereas one-way analysis was performed to 
investigate differences due to age in mice samples. The Tukey test 
and Games–Howell analysis were used for post hoc comparisons 
when variances were homogeneous and nonhomogeneous, respect-
ively. Two-sided p < .05 was considered the minimum level of sig-
nificance. Principal component analysis was performed including all 
redox parameters analyzed in humans. The number of components 
retained was based on eigenvalues (the amount of the total variance 
that is explained by each component) of 1 or greater. A varimax ro-
tation was used to obtain a set of independent and best interpret-
able components. Differences in life span were studied through the 
Kaplan–Meier test, with a minimum significance level (log rank, 
Mantel–Cox) also set at p < .05.
Results
First, to validate several redox parameters as markers of the aging 
rate and predictors of longevity, these parameters were analyzed in 
human blood from different age groups. The data from both men 
and women are shown together given that the results from two-
way ANOVA were not statistically significant for sex neither the 
interaction of sex and age. CAT (sex: F = 0.049; p = .825; age–sex: 
F  =  0.428; p  =  .788), peroxidase (sex: F  =  0.497; p  =  .482; age–
sex: F = 0.068; p = .091), reductase (sex: F = 1.480; p = .226; age–
sex: F = 0.684; p = .605), GSH (sex: F = 0.001; p = .970; age–sex: 
F  =  0.741; p  =  .566), GSSG (sex: F  =  0.544; p  =  .462; age–sex: 
F = 0.389; p =  .816), GSSG/GSH (sex: F = 0.335; p =  .564; age–
sex: F = 0.101; p = .982), MDA (sex: F = 0.798; p = .373; age–sex: 
F = 1,123; p = .349), and superoxide anion (sex: F = 0.234; p = .630; 
age–sex: F = 0.145; p = .965). Regarding the age-related variations 
in antioxidant defenses in humans (Figure 1A–D), old individuals 
showed lower CAT activity, GSH concentration, GPx, and GR ac-
tivities than adult individuals (p < .05 in GPx; p < .01 in GSH; p 
< .001 in CAT and GR) and also lower than mature individuals (p 
< .01 in CAT; p < .001 in GR and GSH). These lower antioxidant 
mechanisms were also noticed in mature participants compared with 
adults (p < .05 in CAT and GPx; p < .001 in GR). By contrast, nona-
genarians showed higher antioxidant enzyme activities and concen-
trations than old individuals (p < .01 in GPx; p < .001 in all others), 
higher than mature individuals (p < .05 in GSH; p < .01 in CAT) and 
even higher than adults (p < .01 in CAT). Moreover, centenarians 
showed higher antioxidant markers than nonagenarians (p < .05 in 
GR), higher than old individuals (p < .01 in all of them), higher than 
mature individuals (p < .05 in CAT, GSH, and GR) and higher than 
adult individuals (p < .05 in CAT and GR).
Regarding pro-oxidant parameters (Figure 1E and F), older adult 
individuals showed higher GSSG concentrations and GSSG/GSH 
ratios than adult and mature participants (p < .001), and mature 
participants higher than adults (p < .001). By contrast, long-lived 
participants (nonagenarians and centenarians) showed lower GSSG 
concentrations and GSSG/GSH ratios compared with the mature 
and old groups (p < .001).
Second, MDA concentration was measured in whole blood and 
in isolated neutrophils and lymphocytes from humans, as well as in 
peritoneal leukocytes from mice. Regarding MDA concentration in 
whole blood (Figure 2A), older adult individuals had higher MDA 
concentrations than adult (p < .001) and mature (p < .05) partici-
pants. By contrast, nonagenarians and centenarians had lower MDA 
concentrations than mature and old individuals (p < .001). Similarly, 
in isolated neutrophils (Figure 2B), a higher concentration was 
found in old participants compared with adults (p < .05), whereas a 
lower one was found in long-lived participants compared with the 
old group (p < .01). However, in isolated lymphocytes (Figure 2C), 
only the centenarian group showed lower concentration than older 
adult participants (p < .05).
In addition, with respect to the results from mice (Figure 2D), 
there is a tendency toward an age-related increase in MDA concen-
tration, although no statistically significant differences were found 
due to the high interindividual variation. But again, long-lived mice 
showed a decreased MDA concentration compared with when they 
were old (p < .01). Regarding the model of PAM, leukocytes of 
chronologically adult PAM showed higher MDA concentrations (p 
< .001) than those of their adult E-NPAM counterparts and higher 
than the group of adult mice in the longitudinal study (p < .05).
In addition, to check whether the amount of a free radical such 
as the superoxide anion (O2
•−) showed similar age-related vari-
ations in immune cells from humans and mice, we studied these 
changes in human neutrophils and in peritoneal leukocytes from 
mice. Regarding human neutrophils (Figure 3A), mature and older 
adult individuals showed higher O2
•− concentrations than adults (p < 
.001). Nonagenarians also showed higher O2
•– concentrations than 
adults (p < .01) but lower ones than mature (p < .01) and old (p 
< .001) individuals. Centenarians showed a comparable concentra-
tion to those from adults and lower ones than mature (p < .05) and 
old (p < .01) participants. Following the same pattern, leukocytes 
Figure 1. Age-related changes in (A) catalase activity, (B) reduced glutathione 
(GSH) concentration, (C) glutathione peroxidase activity, (D) glutathione 
reductase activity, (E) oxidized glutathione (GSSG) concentration, and (F) 
GSSG/GSH ratio in human whole blood. Statistical differences were analyzed 
through two-way ANOVA. ap < .05; aap < .01; aaap < .001 compared with the 
values in adults (30–49 y old). bp < .05; bbp < .01 compared with the values 
in mature individuals (50–64 y old). cp < .05; ccp < .01 compared with the 
value in old individuals (65–79 y old). dp < .05 compared with the values in 
nonagenarians (90–99 y old). Circles: women; squares: men.












from old mice exhibited increased O2
•− concentration compared with 
when they were adult and mature (p < .05). By contrast, very old and 
long-lived mice exhibited decreased O2
•– concentrations compared 
with when they were old (p < .05 and p < .01, respectively). In add-
ition, leukocytes of PAM exhibited higher O2
•− concentrations than 
these cells of their adult E-NPAM counterparts (p < .05).
To ascertain whether there is a specific redox signature depending 
on the age of the individuals, principal component analysis was per-
formed, including all redox parameters investigated in human whole 
blood. Principal component analysis resulted in two eigenvalues 
greater than 1.  The Kaiser–Meyer–Olkin measure of sampling ad-
equacy test was 0.811. The observed significance level of Bartlett’s test 
of sphericity was 0.000. The two components explained 57% of the 
total variance data (46% Component 1 and 11% Component 2). Five 
variables (GSSG = 0.716, GSSG/GSH = 0.751, MDA = 0.541, super-
oxide anion = 0.696, and GSH = −0.579) loaded highest on the first 
component (Component 1  =  “oxidant component”) and the other 
three variables (CAT = 0.657, GPx = 0.891, and GR = 0.798) loaded 
highest on the second component (Component 2 = “antioxidant com-
ponent”). Principal component scores were calculated for each indi-
vidual and plotted on a graph (Figure 4). It is shown that adult, mature, 
and old individuals display a different redox signature. Although there 
is some overlapping, mature participants show a higher score in the 
oxidant component than adult whereas old individuals a higher one 
than mature. Strikingly, nonagenarians display a similar redox signa-
ture to adults whereas centenarians exhibit a unique redox signature 
due to their high antioxidant enzymatic activities.
To validate the potential use of these markers as predictors of life 
span, the same parameters were investigated in peritoneal leukocytes 
from mice throughout their aging process as well as in adult prema-
turely aging mice (PAM). Regarding the age-related alterations in 
antioxidant defenses experienced in mice (Figure 5A–D), old mice ex-
hibited decreased CAT, GPx, and GR activities as well as decreased 
GSH concentrations compared with when they were adults (p < .05). 
This decrease was already noticeable in mature mice compared with 
when they were adults in GR (p < .001). Very old mice showed de-
creased CAT activity and GSH concentrations (p < .05) but showed 
enhanced GR activity compared with when they were mature and old 
(p < .05). Long-lived mice showed increased GPx and GR activities and 
GSH concentrations compared with when they were old (p < .05) and 
increased GR activity compared with when they were mature (p < .05).
Regarding pro-oxidant compounds (Figure 5E and F), it was 
shown that old mice experience an increase in GSSG concentrations 
and GSSG/GSH ratios compared with when they were adults (p < 
.05 and p < .001, respectively) and compared with when they were 
mature in GSSG/GSH ratios (p < .05). By contrast, long-lived mice 
exhibited decreased GSSG concentrations and GSSG/GSH ratios 
compared with when they were old (p < .05 and p < .01, respectively).
Chronologically, adult PAM exhibited lower CAT and GR activ-
ities and GSH concentration than their adult E-NPAM counterparts 
(p < .01 in CAT and GSH, p < .001 in GR) and lower than the group 
of adult mice from the longitudinal study (p < .001 in CAT and GR; 
Figure 2. Age-related changes in malondialdehyde (MDA) concentration in 
(A) human whole blood, (B) isolated human neutrophils, (C) isolated human 
lymphocytes, and (D) murine peritoneal leukocytes. E-NPAM = exceptional
nonprematurely aging mice 40 wk old. PAM = prematurely aging mice 40 wk 
old. Statistical differences were analyzed through one-way ANOVA. ap < .05;
aaap < .001 with respect to the value in adults (30–49 y old in humans; 40 wk
old in mice). bbbp < .001 with respect to the value in mature individuals (50–64 
y old in humans). cp < .05; ccp < .01 with respect to the value in old individuals 
(65–79 y old in humans; 72 wk old in mice). eeep < .001 with respect to the
value in E-NPAM. Circles: women; squares: men.
Figure 3. Age-related changes in basal superoxide anion concentration 
in (A) isolated human neutrophils, (B) peritoneal leukocytes of 
mice. E-NPAM  =  exceptional nonprematurely aging mice 40  wk old. 
PAM  =  prematurely aging mice 40  wk old. Statistical differences were 
analyzed through one-way ANOVA. ap < .05; aaap < .001 compared with the 
value in adults (30–49 y old in humans; 40 wk old in mice). bp < .05; bbp < 
.01 compared with the value in mature individuals (50–64 y old in humans; 
56 wk old in mice). cp < .05; ccp < .01; cccp < .001 compared with the value in 
old individuals (65–79 y old in humans; 72 wk old in mice). ep < .05 compared 
with the value in E-NPAM. Circles: women; squares: men.
Figure 4. Human redox signature of aging and longevity. Principal component 
analysis sorted all redox variables into two components, explaining 57% of 
the total variance (46% Component 1 and 11% Component 2). Component 
1  =  “oxidant component” consists of five variables (oxidized glutathione 
[GSSG] = 0.716, GSSG/GSH = 0.751, reduced glutathione = 0.541, superoxide 
anion  =  0.696, and reduced glutathione [GSH]  =  −0.579), and Component 
2  =  “antioxidant component” consists of three variables (catalase  =  0.657, 












p < .01 in GSH). Moreover, these PAM exhibited higher concentra-
tion of GSSG and higher GSSG/GSH ratio than their adult E-NPAM 
counterparts (p < .01 and p < .001, respectively) and that the adult 
group of mice from the longitudinal study (p < .01 in GSSG; p < 
.001 in GSSG/GSH). Thus, PAM, despite being adults, have similar 
values to the ones observed in old mice in CAT and GR activities, 
GSH, GSSG, MDA concentrations, and GSSG/GSH ratios, and they 
exhibit a shorter life span (p < .01) than E-NPAM (Figure 6), which 
have typical values of adult mice.
Discussion
There is substantial proof that demonstrates the connection between 
several markers, such as physiological (blood pressure), molecular 
(telomere length) or genetic (epigenetic clock), and age (recently re-
viewed in ref. (35)). However, to use them as markers of the rate of 
aging, they still have to be validated as predictors of remaining life 
span (1,22). Moreover, most of the research performed in this area 
has been solely based on data obtained from cross-sectional studies, 
which do not prove that the observed changes are due to aging (36). 
In addition, most of the proposed parameters have not been demon-
strated to work in experimental animals such as mice, which is one 
of the established requirements in the search for biomarkers of the 
aging rate proposed by the American Federation of Aging Research 
(AFAR) and the MARK-AGE study (21,37).
In this study, it was demonstrated that antioxidant defenses (such 
as CAT, GPx, GR, and GSH) experience an age-related decrease, 
whereas oxidant and oxidative stress-derived compounds (such as 
GSSG, GSSG/GSH ratio, O2
•−, and MDA) experience an age-related 
increase until average life span is reached. Interestingly, individuals 
who surpass this age show a better redox status than mature and older 
adult individuals, displaying higher antioxidant defenses and lower 
oxidative compounds than the old group. This was shown to happen 
both in human blood (using a cross-sectional study) and in murine 
peritoneal leukocytes (using a longitudinal study), the latest proving 
that the age-related alterations detected are in fact due to aging. It 
has been hypothesized that antioxidants are an adaptive response to 
a pro-oxidant status (38). Thus, it seems paradoxical that long-lived 
individuals have high antioxidant mechanisms while showing a low 
pro-oxidant status. However, in the longitudinal study performed in 
mice, it was demonstrated that those mice that naturally reach a high 
longevity experienced an age-related increase in oxidant compounds 
when they are old. Thus, we believe that these individuals, unlike those 
that die at an average life span, can initiate compensatory mechanisms 
at this age. These involve a large increase in antioxidant defenses to 
deal with this age-related rise in oxidative stress, displaying a low pro-
oxidant status and high antioxidant defenses when they are long-lived.
Studies regarding changes of redox parameters in blood of 
healthy aging populations are often conflicting (15,16). These dis-
agreements are due to the different age cohorts and because of dif-
ferences in the sample type studied such as plasma, serum, whole 
blood cells, or isolated erythrocytes. Thus, first we investigated if the 
observed changes in human whole blood reflect those experienced 
by isolated immune cells. The results regarding the age-related vari-
ations in MDA concentration demonstrate that these in whole blood 
reflect those experienced by neutrophils, but not those by lympho-
cytes. One possible reason is that phagocytes need to produce high 
O2
•− concentrations to perform an effective phagocytic function 
(1,39), which may justify why they show a higher age-related in-
crease in this peroxidative damage marker than lymphocytes. This 
agrees with results from previous studies, which show that phago-
cytes, both neutrophils in humans and macrophages in mice, are 
the type of immune cell that accumulate the most oxidative damage 
(39,40). This finding underscores the significance of choosing an ap-
propriate sample type for investigating age-related changes in redox 
parameters. In the present work, whole blood was chosen to re-
semble the “in vivo” redox state. Moreover, whole blood samples are 
more reproducible, cost-effective, and easy to implement in the clin-
ical setting than purified and isolated neutrophils and lymphocytes 
(40) and reflect the redox balance from other tissues such as liver,
heart, and kidney (23,41). Moreover, peritoneal leukocytes from
mice were chosen given that this sample allows for a longitudinal
study to be performed, without the need for a high volume of blood
Figure 5. Age-related changes in (A) catalase activity, (B) reduced glutathione 
(GSH) concentration, (C) glutathione peroxidase activity, (D) glutathione 
reductase activity, (E) oxidized glutathione (GSSG) concentration, and (F) 
GSSG/GSH ratio in peritoneal leukocytes from mice. E-NPAM = exceptional 
nonprematurely aging mice 40 wk old. PAM = prematurely aging mice 40 wk 
old. Statistical differences were analyzed through one-way ANOVA. ap < .05; 
aap < .01; aaap < .001 compared with the value in adult mice (40 wk old). bp 
< .05 compared with the value in mature mice (56  wk old). cp < .05; ccp < 
.01 compared with the value in old mice (72 wk old). eep < .01; eeep < .001 
compared with the value in E-NPAM.
Figure 6. Kaplan–Meier cumulative survival of prematurely aging mice 
(PAM; dashed line) and exceptional nonprematurely aging mice (E-NPAM; 
solid line). Statistical differences between life spans were analyzed through 
Kaplan–Meier log-rank test. **p < .01.












extracted from the animals, which ultimately will have an impact on 
their physiology. In addition, they have also been shown to mirror 
the redox status from other tissues (24).
Thus, it was demonstrated that older adult individuals and old 
mice have lower CAT, GPx, GR activities, and GSH concentrations 
as well as higher GSSG/GSH ratios, and GSSG, O2
•−, and MDA con-
centrations in blood and in peritoneal leukocytes, respectively, com-
pared with adults. These results agree with other studies performed in 
human blood, in which lower CAT and GPx activities were reported 
in old participants in comparison to younger ones (42). Previous stud-
ies from our group have also demonstrated that leukocytes from old 
mice show lower CAT activity and GSH concentration compared with 
adult mice (39). Regarding oxidant compounds, these results are in 
consonance with other studies performed in humans in which higher 
MDA concentration was detected in plasma from older participants 
compared with younger individuals (43). Moreover, higher MDA 
and GSSG and lower GSH concentrations were found in erythro-
cytes (11) from older participants compared with younger ones. In 
the same manner, higher GSSG/GSH ratios, GSSG, O2
•−, and MDA 
have been detected in leukocytes from old mice compared with adult 
(39). Peroxidative damage to lipids, such as MDA, has been shown to 
experience an age-related increase in different cell types from several 
species (44). In fact, the increase in lipoxidation end products has been 
demonstrated to play a causal role in aging and in longevity (9,45).
Because the factors that underlie extreme longevity might help to 
achieve a prolonged healthy life span for all the population, in the 
present study, long-lived participants (both human and mice) showed 
similar enzyme antioxidant activities and GSH concentration as adults, 
or even higher. These results are in line with other studies in which 
higher CAT and GR activities have been reported in centenarians com-
pared with adults (46,47) and with other studies, which have demon-
strated that peritoneal leukocytes from naturally long-lived mice have 
higher or similar antioxidants than adults (48). Regarding oxidant 
compounds, long-lived participants showed similar concentrations to 
the ones observed in adults. Equivalent results have been obtained 
in other studies performed in mice (48) and in healthy centenarians 
where lower basal O2
•− concentration and MDA plasma concentration 
have been detected compared with old participants (49).
Currently, conflicting evidence exists regarding the effects (posi-
tive, negative, or neutral) of ROS in aging. We believe that ROS have 
to be understood as second messengers in the stress response. In this 
sense, the main role of ROS production is the activation of compen-
satory homeostatic stress responses. As chronological age increases, 
damage and ROS levels also increase in an effort to maintain survival. 
If antioxidant mechanisms are not able to counteract this increase 
and ROS reach a certain threshold, their original homeostatic pur-
pose is lost, and they eventually aggravate the age-associated damage 
(50). The results of the present study are in support of the free radical 
theory of aging. It was demonstrated that based on the redox status 
of whole blood cells, individuals from different age groups (adult, 
mature, and old) display a different redox signature, due to increased 
oxidant compounds. Individuals that surpass average life expectancy 
(nonagenarians) show a redox signature similar to adults, whereas 
centenarians display a unique signature due to their upregulation of 
antioxidant machinery. As a limitation of the study, we have to keep 
in mind that the study of these redox parameters has been performed 
only considering chronological age. However, given the heterogeneity 
of the aging rate within individuals, some adults display a redox sig-
nature proper to that in mature and old individuals and vice versa. 
Therefore, the inclusion of some measure of fitness or frailty status of 
the individuals in these type of studies would help elucidating the role 
of these redox markers in the rate of aging.
For the complete verification of the redox parameters as useful 
markers of the aging rate and predictors of life span, we have to con-
sider the results obtained in PAM. It was found that PAM at the adult 
age had lower antioxidant defenses (CAT, GR, and GSH) as well as 
higher oxidant compounds (GSSG, MDA, and GSSG/GSH), in com-
parison with their E-NPAM counterparts of identical age. Moreover, 
they had a shorter life span, demonstrating that there could be a link 
between these parameters and mortality. It is not possible to confirm 
these facts in humans because of their very high longevity. Nevertheless, 
given the parallelism observed in the age-related changes in the redox 
parameters studied between both species (mice and humans), it could 
be extrapolated that those humans having these parameters with 
similar values to those of older individuals have a higher rate of aging 
and consequently will not live as long. We are aware that the samples 
studied in humans and mice (whole blood cells and peritoneal leuko-
cytes, respectively) are in different environments; however, they both 
have been shown to reflect the redox state from other cells and tissues 
(22–24,41) and constitute the most accessible cell sample type in both 
cases allowing for a longitudinal follow-up to be performed. Given 
that the results presented here are descriptive, future work is needed 
for a better understanding of which redox parameters (if any) have a 
direct causative impact on longevity in humans.
We consider that knowing the rate of aging in humans is im-
portant for proposing lifestyle strategies (such as moderate phys-
ical activity and healthy nutrition) that could slow down the aging 
process, especially in those individuals with a high rate of aging. 
Moreover, due to the easy obtainability of the sample type used 
(whole blood) and the simplicity of the assays performed, these 
parameters can be quantified in any laboratory and therefore, they 
will be very helpful for detecting the rate of aging and the efficacy of 
lifestyle strategies that promote a healthy longevity.
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Abstract: The decrease in the proliferative response of lymphocytes is one of the most evident among
the age-related changes of the immune system. This has been linked to a higher risk of mortality
in both humans and experimental animals. However, long-lived individuals, in spite of optimally
maintaining most of the functions of the immune system, also seem to show an impaired proliferative
response. Thus, it was hypothesized that these individuals may have distinct evolution times in
this proliferation and a different modulatory capacity through their cytokine release profiles. An
individualized longitudinal study was performed on female ICR-CD1 mice, starting at the adult
age (40 weeks old), analyzing the proliferation of peritoneal leukocytes at different ages in both
basal conditions and in the presence of the mitogen Concanavalin A, for 4, 24 and 48 h of culture.
The cytokine secretions (IL-2, IL-17, IL-1β, IL-6, TNF-α and IL-10) in the same cultures were also
studied. Long-lived mice show a high proliferative capacity after short incubation times and, despite
experiencing a functional decline when they are old, are able to compensate this decrease with an
appropriate modulation of the lymphoproliferative response and cytokine release. This could explain
their elevated resistance to infections and high longevity.
Keywords: proliferation; cytokine; aging; longevity; leukocytes
1. Introduction
It is known that the aging process is accompanied by a deterioration of the competence of
the immune system. Thus, with aging there is an increased susceptibility to infectious diseases,
autoimmune and cancer processes, which exerts a great influence on age-related morbidity and
mortality [1,2]. Aging of the immune system, which is known as immunosenescence, involves a
striking rearrangement of almost every component, leading to changes including enhanced as well as
diminished functions [3,4]. In addition, the functioning of the immune system has been demonstrated
to be an excellent marker of health, given that several age-related changes in immune functions are
predictive of mortality and lifespan [3,5–9]. Thus, long-lived individuals seem to exhibit a high degree
of preservation of several functions of the immune system with values similar to those observed in
adult individuals. This may be essential to reach a very advanced age in a healthy condition [3,10–14].
Among all the age-related changes that the immune system undergoes, the most obvious is the
involution of the thymus gland [15,16]. Accordingly, one of the most marked age-related alterations
in the immune cells has been reported in the T lymphocytes, specifically in the lymphoproliferative
response to mitogens, which is decreased in old subjects for both humans and experimental
animals [13,14,17–19]. The study of the proliferative response of leukocytes to a given stimulus has
become an important issue given that a low lymphoproliferative response to mitogens has been linked
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to an increased mortality, and together with other parameters, defines the immune risk phenotype
in humans [20,21]. Moreover, this low lymphoproliferative response reported in human peripheral
blood cells has also been found in peritoneal, spleen, lymphoid nodes and thymus leukocytes from
rodents, and it is related to a higher morbidity and mortality in aged animals [3,9,14]. However, there
are conflicting results regarding this function in long-lived individuals, given that most of the studies
describe a similar response to that of older people [22,23].
Cytokines are principal mediators of interactions among immune cells. They are responsible
for the development and resolution of immune response and are greatly affected by the aging
process [3,7,24–26]. In fact, an age-related loss of homeostasis in cytokine networks can contribute
significantly to health impairment in old age [26]. In this context, together with the previously
mentioned age-related loss of functionality in immune cells, aging is characterized by a chronic
low-grade inflammatory status, so-called “inflamm-aging” [7,25]. Thus, it has been described that
an age-related increase in release of pro-inflammatory cytokines in resting cells leads to a sterile
inflammation [4]. This is accompanied by an elevation of circulating levels of cytokines in old subjects,
such as IL-6, which in addition has been related to a higher risk of mortality [7,27–29]. However,
cells from old subjects produce lower pro-inflammatory cytokines when needed to do so, i.e., after
a mitogenic stimulus, compared to those of adult subjects [24,30,31]. Again, long-lived individuals,
despite having high levels of pro-inflammatory markers, have a postponed disease onset, making it
difficult to understand whether “inflamm-aging” is beneficial or detrimental [32].
Based on the striking facts regarding lymphoproliferation and cytokine release by immune cells in
long-lived individuals, it was hypothesized that these individuals could present different proliferative
as well as cytokine release dynamics as an adaptive mechanism [10,33]. Moreover, given that all the
studies in long-lived individuals previously mentioned have been cross-sectional, it is still not known
if they reach those advanced ages due to the maintenance of optimal immune cell function during
their whole life (as if they were adults) or whether they experience an age-related impairment in these
functions but are able to compensate for it.
In order to address these questions, an individualized longitudinal study was performed on
female ICR-CD1 mice analyzing the proliferation as well as the cytokine secretion profile of leukocytes
obtained from peritoneum of animals at different ages. The study was performed starting at the adult
age, 40 weeks old, and followed each animal individually until its death. The proliferative capacity
as well as the cytokine release profile was studied in both un-stimulated/basal conditions and after
incubation with a T-cell mitogenic stimulus (Concanavalin A) for 4, 24 and 48 h.
2. Results
The results of the lymphoproliferation after incubation with the T-cell mitogenic stimulus
Concanavalin A (Con A), expressed as the percentage of stimulation, are shown in Figure 1. There
was a decreased proliferation in mature mice (56 weeks of age) compared to when they were adults
(40 weeks of age) after 4 h (p < 0.05) and 48 h of incubation (p < 0.001). At old age (72 weeks of age),
they also had decreased proliferation compared to when they were adults after 4, 24 (p < 0.05) and 48 h
of incubation (p < 0.001). The decrease in this proliferation in cells of very old mice (96 weeks of age)
with respect to when they were adults, was only observed at 48 h of incubation (p < 0.05). However,
when mice reached high longevity (120 weeks of age) they showed an increased proliferation with
respect to when they were mature, old and very old at 4 and 24 h (p < 0.001, p < 0.05 and p < 0.01,
respectively). With respect to when they were adults, the percentage of proliferation only increased at
24 h (p < 0.05) whereas at 48 h they showed a decrease (p < 0.05). The green points represent the values
of mice that reached 120 weeks of age, and it can be observed that the three long-lived mice always
show values above the mean.
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Figure 1. Stimulation of proliferation, expressed as percentages, in response to Con A (1 μg/mL), of 
peritoneal leukocytes from adult (40 weeks), mature (56 weeks), old (72 weeks), very old (96 weeks) 
and long-lived (120 weeks) mice after 4, 24 and 48 h of culture. The green points represent the values 
in mice that reached 120 weeks. a: p < 0.05; aaa: p < 0.001 with respect to the value in adult mice.  
bbb: p < 0.001 with respect to the value in mature mice. ccc: p < 0.001 with respect to the value in old 
mice. d: p < 0.05; dd: p < 0.01 with respect to the value in very old mice. 
Regarding the levels of IL-2 released in the cultures in presence of Con A (Figure 2), striking 
differences depending on the incubation time were found. Thus, after 4 h, increased levels were 
observed in the long-lived mice with respect to when they were adult and old (p < 0.001). However, 
after 24 h of incubation, long-lived mice as well as old mice showed decreased levels compared to 
when they were adult (p < 0.05) and after 48 h of incubation, long-lived mice showed decreased 
levels compared to when they were adult (p < 0.05). It can be observed that in general, the three 
long-lived mice (highlighted in green) show values above the mean of the group. 
 
Figure 2. Levels (pg/mL) of IL-2 releases by peritoneal leukocytes from adult (40 weeks), old (72 
weeks) and long-lived (120 weeks) mice, after 4, 24 and 48 h of culture in presence of Con A (1 
μg/mL). The green points represent the values in mice that reached 120 weeks. a: p < 0.05; aaa: p < 
0.001 with respect to the value in adult mice. ccc: p < 0.001 with respect to the value in old mice. 
With respect to the levels of cytokine released in the cultures in presence of Con A (Figure 3), 
the levels of IL-1β (Figure 3A) decreased at old age in comparison to those when the animals were 
adult (p < 0.001 after 4 h, p < 0.05 after 24 h, p < 0.01 after 48 h of culture). However, mice reaching 
high longevity showed an increase in the levels of this cytokine with respect to when they were old 
(p < 0.01 at 4 h and p < 0.001 at 24 and 48 h of culture) and similar to when they were adults at 4 h of 
culture or even higher (p < 0.001) at 24 and 48 h. Regarding the levels of IL-6 (Figure 3B), again at old 
age they decreased in comparison to those when the animals were adults (p < 0.05 after 4 and 48 h;  
p < 0.001 after 24 h of culture), whereas when mice reached high longevity these levels increased 
with respect to when they were old (p < 0.05, p < 0.01 and p < 0.001 after 4, 24 and 48 h, respectively), 
being similar to the levels obtained when they were adults (at 4 and 24 h) or higher (p < 0.01 at 48 h). 
The results obtained with IL-17 (Figure 3C), show that old mice presented decreased levels with 
Figure 1. Stimulation of proliferation, expressed as percentages, in response to Con A (1 µg/mL), of
peritoneal leukocytes from adult (40 weeks), mature (56 weeks), old (72 weeks), very old (96 weeks)
and long-lived (120 weeks) mice after 4, 24 and 48 h of culture. The green points represent the values in
mice that reached 120 weeks. a: p < 0.05; aaa: p < 0.001 with respect to the value in adult mice. bbb:
p < 0.001 with respect to the value in mature mice. ccc: p < 0.001 with respect to the value in old mice.
d: p < 0.05; dd: p < 0.01 with respect to the value in very old mice.
Regarding the levels of IL-2 released in the cultures in presence of Con A (Figure 2), striking
differences depending on the incubation time were found. Thus, after 4 h, increased levels were
observed in the long-lived mice with respect to when they were adult and old (p < 0.001). However,
after 24 h of incubation, long-lived mice as well as old mice showed decreased levels compared to
when they were adult (p < 0.05) and after 48 h of incubation, long-lived mice showed decreased levels
compared to when they were adult (p < 0.05). It can be observed that in general, the three long-lived
mice (highlighted in green) show values above the mean of the group.
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and long-lived (120 weeks) mice, after 4, 24 and 48 h of cult re in presence of Con A (1 µg/mL). The
gr n poi ts represent the valu s in mice th t r ached 120 weeks. a: p < 0.05; aaa: p < 0.001 with respect
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With respect to the levels of cytokine released in the cultures in presence of Con A (Figure 3),
the levels of IL-1β (Figure 3A) decreased at old age in comparison to those when the animals were
adult (p < 0.001 after 4 h, p < 0.05 after 24 h, p < 0.01 after 48 h of culture). However, mice reaching
high longevity showed an increase in the levels of this cytokine with respect to when they were old
(p < 0.01 at 4 h and p < 0.001 at 24 and 48 h of culture) and similar to when they were adults at 4 h of
culture or even higher (p < 0.001) at 24 and 48 h. Regarding the levels of IL-6 (Figure 3B), again at old
age they decreased in comparison to those when the animals were adults (p < 0.05 after 4 and 48 h;
p < 0.001 after 24 h of culture), whereas when mice reached high longevity these levels increased with
respect to when they were old (p < 0.05, p < 0.01 and p < 0.001 after 4, 24 and 48 h, respectively), being
similar to the levels obtained when they were adults (at 4 and 24 h) or higher (p < 0.01 at 48 h). The
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results obtained with IL-17 (Figure 3C), show that old mice presented decreased levels with respect
to when they were adult after 24 and 48 h of incubation (p < 0.001), whereas long-lived mice showed
increased levels with respect to when they were old (p < 0.001) independently of the incubation time.
Thus, long-lived mice showed similar levels to when they were adults.
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With respect to the levels of TNF-α (Figure 3D), old mice showed decreases compared to when
they were adult (p <0.001 at 4 and 24 h, p < 0.01 at 48 h of culture), whereas long-lived mice showed
increased levels with respect to when they were old (p < 0.001 after 4 and 24 h, and p < 0.05 after
48 h) and similar to when they were adults. Regarding the levels of the anti-inflammatory cytokine
IL-10 (Figure 3E), old mice showed decreased values in comparison to those when they were adults
(p < 0.001 independently of the incubation time). However, long-lived mice showed increased levels
with respect to when they were old (p < 0.01 after 4 h, p < 0.001 after 24 and 48 h) and similar to when
they were adults (at 4 and 24 h of culture) and even increased (p < 0.001) to when they were adults
after 48 h of culture. It can be observed that in general, the three long-lived mice (highlighted in green)
always show values in all these cytokines above the mean when they were adult and old animals.
With respect to basal proliferation (Figure 4), which is what takes place in the absence of a
proliferative stimulus, there was a significant increase in the old mice with respect to when they were
adult and mature (p < 0.001) independently of the incubation time. Furthermore, there was a decrease
in very old mice compared to when they were old after 24 and 48 h of incubation (p < 0.05). This
decrease was also found in long-lived compared to old mice at 4 and 48 h (p < 0.001) and to very old
mice at 4 h (p < 0.05). However, very old and long-lived mice showed similar levels to when they were
adults and mature. It can be observed that the three long-lived mice always show values below the
mean for basal proliferation.
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Regarding the levels of IL-1β released in basal conditions (Figure 5A), old mice showed 
increased levels compared to when they were adults after 24 h of incubation (p < 0.01). Moreover, 
there was a significant increase in long-lived mice with respect to when they were adult 
independently of the incubation time (p < 0.001) and with respect to when they were old (p < 0.05 
after 24 h, p < 0.001 after 4 and 48 h). The levels of IL-6 in basal conditions (Figure 5B), in both old and 
long-lived mice showed increased levels compared to when they were adults (p < 0.001 
independently of the incubation time). Moreover, there was a significant increase in long-lived mice 
with respect to when they were old (p < 0.01 after 24 h, p < 0.001 after 48 h of culture). 
Regarding the levels of TNF-α in basal conditions (Figure 5C), old and long-lived mice showed 
increased levels (p < 0.001) compared to when they were adults after 4 h of incubation. In addition, 
after 24 and 48 h of incubation, old mice showed increased levels compared to when they were 
adults (p < 0.001), whereas long-lived mice showed decreased levels (p < 0.001) with respect to those 
when they were old and similar to when they were adults. 
Figure . Basal proliferation (cpm) of peritoneal leukocytes from adult (40 weeks), mature (56 weeks),
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p < 0.001 with respect to the value in old mice. d: p < 0.05 with respect to the value in very old mice.
Regarding the levels of IL-1β released in basal conditions (Figure 5A), old mice showed increased
levels compared to when they were adults after 24 h of incubation (p < 0.01). Moreover, there was
a significant increase in long-lived mice with respect to when they were adult independently of the
incubation time (p < 0.001) and with respect to when they were old (p < 0.05 after 24 h, p < 0.001 after 4
and 48 h). The levels of IL-6 in basal conditions (Figure 5B), in both old and long-lived mice showed
increased levels compared to when they were adults (p < 0.001 independently of the incubation time).
Moreover, there was a significant increase in long-lived mice with respect to when they were old
(p < 0.01 after 24 h, p < 0.001 after 48 h of culture).
Regarding the levels of TNF-α in basal conditions (Figure 5C), old and long-lived mice showed
increased levels (p < 0.001) compared to when they were adults after 4 h of incubation. In addition,
after 24 and 48 h of incubation, old mice showed increased levels compared to when they were adults
(p < 0.001), whereas long-lived mice showed decreased levels (p < 0.001) with respect to those when
they were old and similar to when they were adults.
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Finally, given that the maintenance of health relies on the adequate balance of antiinflammatory
and proinflammatory mediators, the IL-10/TNF-α ratio was calculated in unstimulated conditions to
shed light on the age-related changes of this balance. As shown in Figure 6, old mice have a decreased
IL-10/TNF-α ratio compared to when they were adults (p < 0.05 after 4 h, p < 0.001 after 24 and 48 h of
culture). However, long-lived mice show the opposite results, with an increased IL-10/TNF-α ratio
compared to when they were old (p < 0.001 after 24 and 48 h).
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3. Discussion
This is the first study which analyzes the age-related changes in lymphoproliferation as well as in
cytokine release under resting and stimulated conditions at different incubation times in a longitudinal
study, monitoring individually each animal throughout their lifetime.
Lymphocytes are important regulator and effector cells in adaptive immunity, and their
activation and proliferation is essential for an appropriate immune response and, consequently, to the
maintenance of homeostasis. The age-related decrease in Con A-induced proliferation shown in the
present work, which mimics the stimulation by antigens [34], is in agreement with the results obtained
from many previous studies carried out in 48 h cultures [13,14,17,19,35–37]. However, this is the first
work showing that at 4 and 24 h of culture, lymphocytes from old mice also present a decrease in their
percentage of proliferative stimulation.
It has been suggested that oxidative stress impairs the ability of lymphocytes to respond to
a stimulus such as mitogenic or antigenic stimuli [38–40], so the age-related increase in oxidative
stress that is known to occur in immune cells [41,42], could be the underlying mechanism for the
age-related decrease in Con A-induced proliferation. Another possible explanation could be that
given that immune cells replicate multiple times due to chronic stimulation or encountering many
pathogens during a lifetime, they lose their proliferation capacity and may reach the stage of replicative
senescence [43,44]. However, cells of mice achieving high longevity maintain this capacity but with
different dynamics. Thus, there was a stronger proliferative response in these animals after 4 and
24 h of incubation with Con A than when they were younger. Furthermore, after 48 h of incubation
these differences were no longer noticeable. Since the results are shown individually, it is possible
to observe that those mice that achieved a high longevity, and presented proliferative values above
the mean of the age group throughout their lives. Moreover, the strong increase of proliferation at 4
and 24 h in these animals could suggest a faster capacity of the immune response against antigens,
which may represent an immune advantage. A possible explanation for the fact that long-lived mice
show less proliferation after 48 h of incubation than after 4 and 24 h could be due to an increase in the
activation-induced cell death (AICD) after 24 h. AICD plays a key role in the maintenance of immune
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system homeostasis and it is of physiological importance, as the presence of too many activated cells
might trigger excessive secondary immune responses leading to symptoms similar to autoimmune
disorders and toxic shock [45–48]. Another explanation for the increased lymphoproliferative response
at 4 h in long-lived mice could be the higher release of IL-2, which occurs at that time. In fact, IL-2 is of
great importance for proliferative T-cell response [49] and it is well-established that aging is related to
an impaired release of IL-2 by in vitro stimulated T cells in rodents and humans [13,49]. In the present
study, the lower IL-2 levels at 24 and 48 h of culture found in old mice in comparison to their adult
values are in agreement with all previous studies.
It is known that immune cells communicate with each other through cytokines, which are
soluble mediators that, through a complex network of interactions, are crucial for the functioning
of the immune system and its fine-tuning. With aging, the production, release and action of these
cytokines suffer impairments [3,7,24–26]. In this context, most of the studies of immunosenescence
have focused on isolated subsets of immune cell types [26] and on the levels of cytokines after 48 h
of culture [24]. The data described here are thus of special relevance, since this study was performed
using unfractionated peritoneal leukocytes in order to reproduce more accurately the in vivo cytokine
response. Furthermore, the age-related changes in cytokine release were analyzed after different
incubation times. Thus, in presence of Con A, old mice show a decreased secretion of pro-inflammatory
cytokines (IL-1β, IL-6 and IL-17) and anti-inflammatory cytokines (IL-10) compared to when they
were adults, in agreement with previous results obtained in cross-sectional studies on mice [24]. The
release of such cytokines is of great importance for the triggering of the immune response. Thus,
IL-1β is an important mediator in infection that stimulates intrinsic, innate and adaptive immune
pathways [50] as well as IL-6, which contributes to host defense through the stimulation of acute phase
responses, hematopoiesis and immune reactions [51]. In addition, IL-17 has been recently described as
an important orchestrator of immunity [52]. Thus, the reduced release of these cytokines in stimulated
leukocytes from old mice could be the cause of the impaired immune responses found in both aged
humans and rodents [3,13,14,20,21,53]. In mice that achieve a high longevity, the values of these
cytokines, which were above the media of the age group throughout their lives, were, in many cases,
similar to those when they were adults. These results agree with those obtained in cross-sectional
studies previously carried out [24]. The data obtained in these cross-sectional studies could make one
think that those animals that reach high longevity, maintain an immune function similar to adults
during their lifetime. However, the results of the present study demonstrate that animals which reach
high longevity experience an age-related decrease of cytokine release capacity in response to a stimulus
when they are old, but they possess better compensatory mechanisms which allow for its recovery
when they are long-lived. A possible explanation for the fact that long-lived mice show even higher
levels of pro-inflammatory cytokines in some cases compared to when they were adults or old will be
discussed later in this article.
Regarding what is known about the age-related changes in the lymphoproliferative response,
most of the research performed has been focused on the ability of lymphocytes to proliferate towards
a stimulus, whereas there are almost no studies that have investigated the proliferative ability of
lymphocytes in unstimulated/basal conditions. However, the study of lymphoproliferation in basal
conditions could be a useful age-related marker, given that it provides information on how much
inner damage the immune system is trying to fight. It is known that damage-associated molecular
patterns (DAMPs) increase with the advance of age due to the larger number of tissue injuries in the
body and that these molecules are able to trigger an activation of the immune system response by
initiating the release of pro-inflammatory cytokines [54,55]. In the present study, it has been found
that old mice exhibit a significant increase in the basal proliferation with respect to when they were
younger, whereas long-lived mice show basal proliferative levels similar to when they were adults.
The high proliferation in the absence of stimulus seen in old mice implies a deregulation of the immune
system. This suggests that peritoneal leukocytes from old mice are overactivated, possibly due to
DAMPs, which, through the release of cytokines, could be responsible for the establishment of “sterile
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inflammation” in the elderly [3,54]. In addition, it has been suggested that oxidative-inflammatory
stress can activate signaling pathways that lead to proliferation, which would also explain this
proliferation of lymphocytes without antigen stimulation [40,56,57]. In fact, in the present study,
old mice showed a higher basal release of pro-inflammatory cytokines, such as IL-1β, IL-6 and
TNF-α, compared to when they were adults. This higher basal release could be responsible for
the establishment of the chronic low-grade inflammation that is known to occur in old individuals.
Notably, long-lived mice showed even higher basal release of pro-inflammatory cytokines, such as
IL-1β and IL-6, compared to when they were old. This fact is striking given that high levels of IL-6
and IL-1β have been referred to as the most powerful predictors of morbidity and mortality in the
elderly [28,29] and naturally long-lived mice would be expected to have withstood the detrimental
effects of the aging process better than those individuals who do not live to extreme old age. Thus,
these high levels of pro-inflammatory cytokines could be the consequence of the successful adaptation
to a number of stresses, including infections, which unceasingly occur throughout life, as other authors
have proposed [4,58]. Even though low-grade chronic inflammation is a characteristic of aged people
and centenarians, it has been suggested that the difference between them is that the long-lived are
able to avoid the main age-related diseases and reach exceptional ages due to the contrasting action of
anti-inflammatory agents [59,60]. In the present study, it was shown that leukocytes from long-lived
mice release high levels of the anti-inflammatory cytokine IL-10 in unstimulated conditions, even
higher than when they were adult, which could be the underlying mechanism for the maintenance of
health in longevity, as it has also been found in long-lived rats [61]. In addition, the high release of IL-10
in leukocytes of long-lived mice after 4 h of culture can explain the decrease in TNF-α levels found in
these animals at 24 and 48 h of incubation, since IL-10 inhibits the release of TNF-α [62,63]. Moreover,
the present study demonstrated that the balance between anti-inflammatory and pro-inflammatory
mediators (IL-10/TNF-α ratio), could be a useful parameter, given that its values are similar in adult
and long-lived mice, whereas old mice show a decreased ratio. In fact, a recent study pointed at the
anti-inflammatory/inflammatory ratio as an indicator of successful aging and longevity [61].
Altogether, it seems that the chronic basal pro-inflammatory state shown by non-stimulated
leukocytes from old animals in the present work is linked to a defective inflammatory response
upon stimulation that will ultimately limit the ability of these animals to deal with infections [54]. In
fact, 85-year-old humans who produce low ex vivo levels of Lipopolysaccharide-induced pro- and/or
anti-inflammatory cytokines, such as IL-6, TNF-α and IL-10, have more than a twofold higher mortality
risk compared to their age-matched counterparts with a higher cytokine production [64]. Conversely,
extremely long-lived mice in general showed a similar cytokine profile upon Con A stimulation to
the one when they were adults, demonstrating that immune cells from long-lived individuals have
achieved the capacity to trigger an adequate immune response. It is crucial to bear in mind that the
study of the age-related changes of both lymphoproliferation as well as cytokine release at only one
point in time may not be optimal [65]. The results of the present study are in agreement with this idea
due to the finding that long-lived mice have an earlier response both in lymphoproliferation as well as
in cytokine release compared to when they were old.
Another significant contribution of the study is the determination of the age-related changes
regarding lymphoproliferative and cytokine release ability, which a long-lived individual experiences
throughout its lifetime, from its adulthood until its death. Thus, the present study reveals that those
mice that naturally achieve high longevity are the ones that not only maintained lower levels of basal
proliferation and higher levels of proliferation after Con A stimulation during their whole lifetime,
but are also those that achieve a better control of the effects of aging on the immune functions. Thus,
long-lived mice are those that maintained a lower secretion of pro-inflammatory cytokines and a higher
secretion of anti-inflammatory cytokines in unstimulated conditions as well as a higher one upon Con
A-stimulation when they were old, compared to their age-matched counterparts. Moreover, this is
the first study to demonstrate that the animals reaching high longevity experience immune-senescent
changes (to a lesser extent than those which do not reach advanced ages), but they are able to
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compensate for them by showing optimal levels when they are long-lived. According to a perspective
recently suggested [66], the best candidates to become long-lived are not the strongest and most robust
subjects among their age cohort, but subjects that better adapt to the environment, showing more
biological plasticity. Thus, we observed in the present study that if the effects of age are suffered by all
individuals, those that exhibited better capacity of control of the situation by improving the release
of the anti-inflammatory cytokine IL-10 and restraining the release of pro-inflammatory cytokines
such as TNF-α, achieved higher longevity. Furthermore, the study suggests that the IL-10/TNF-α
ratio in unstimulated conditions is a better indicator of mouse longevity than any of the inflammatory
mediators solely. More studies are needed to corroborate if this good control capacity in long-lived
individuals could be shown in other immune cell responses.
4. Materials and Methods
4.1. Animals
Female ICR/CD1 ex-reproductive mice (Mus musculus) were used in this study. Animals were
purchased from Janvier Labs (Aachen, Germany) at the adult age (32 ± 4 weeks), and were placed and
acclimatized in the Animal Facility at the Faculty of Biology of Complutense, University of Madrid
(UCM) (Spain). Mice were housed at 4–5 per cage and maintained in standard laboratory animal
conditions for pathogens, temperature (22 ± 2 ◦C) and humidity (50–60%), on a 12/12 h reversed
light/dark cycle (lights on at 20:00 h) to avoid circadian interferences. Mice had access to tap water
and standard pellets (Panlab, Barcelona, Spain) ad libitum. One group of animals (n = 40) was used for
the longitudinal study. The collection of peritoneal suspensions was at the adult (40 ± 4 weeks; n = 38),
mature (56 ± 4 weeks; n = 25), old (72 ± 4 weeks; n = 15), very old (96 ± 4 weeks; n = 8) and long-lived
(120 ± 4 weeks; n = 3) ages. All the animals had a natural death and whereas no weight loss (<20%),
moribund state or tumor formation were detected, the cause of death was not investigated further. All
the experiments were approved by the Experimental Animal Committee of Complutense, University of
Madrid (UCM) (Spain) and were in accordance to the guidelines of the European Community Council
Directives 2010/63/EU of 22 September 2010.
4.2. Collection of Peritoneal Leukocytes
Peritoneal suspensions containing unfractioned leukocytes, were collected from each mouse
between 08:00 and 10:00 h to minimize circadian variations of the immune parameters studied without
killing the animals, which allowed a longitudinal study to be performed. Without using anesthesia,
mice were held by cervical skin and 3 mL of sterile Hank’s solution at 37 ◦C was injected into
the peritoneum. After massaging the abdomen of the mouse, approximately 80% of the injected
volume, containing the peritoneal leukocytes, was recovered using the needle employed for the Hank´s
injection. Leukocytes from peritoneal cell suspensions were quantified in Neubauer chambers using
optical microscopy (40×). Cell viability was checked by the Trypan Blue exclusion test and only cell
suspensions with cell viability of 99% or higher were used.
4.3. Lymphoproliferation
The proliferation capacity of lymphocytes was evaluated by the method previously described [67].
Peritoneal cell suspensions were adjusted to 5 × 105 lymphocytes/mL in complete medium containing
RPMI-1640, 10% fetal bovine serum and 1% gentamicin. 200 µL containing 1 × 105 lymphocytes were
dispensed into 96-well plates. 20 µL/well of complete medium or Con A (1 µg/mL), a T cell mitogen
lectin, were added, for basal and stimulated conditions, respectively. The plates were incubated at 37 ◦C
in a sterile and humidified atmosphere of 5% CO2 for 4, 24 and 48 h. After these time points, 100 µL of
culture supernatants were collected for cytokine measurements and afterwards, 2.5 µCi 3H-thymidine
(Hartmann Analytic, Braunschweig, Germany) together with 100 µL of fresh medium were added to
each well, followed by another incubation of 24 h. Cells were harvested in a semiautomatic harvester
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(Skatron Instruments, Tranby, Norway) and thymidine uptake was measured in a β counter (LKB,
Upsala, Sweden) for 1 min. The results were calculated as 3H-thymidine uptake (counts per minute,
cpm) for basal and stimulated conditions, and basal proliferation was expressed as cpm whereas
stimulated proliferation was expressed as the percentage of lymphoproliferation capacity (%) giving
the value 100 to the cpm in basal conditions.
4.4. Cytokine Measurement
In order to study the levels of cytokines in the environment surrounding immune cells influencing
the lymphoproliferative responses, supernatant samples were collected after each incubation time
(4, 24 and 48 h) in the absence or presence of Con A. For this, the samples were obtained from the
same culture well-plates used for determining proliferation prior to the addition of 3H-thymidine.
In aliquots of 100 µL of culture supernatants, the levels of cytokines, including growth factors (IL-2),
proinflammatory cytokines (IL-1β, IL-6, TNF-α and IL-17) as well as the anti-inflammatory cytokine
IL-10, were measured simultaneously by multiplex luminometry (Beadlyte mouse multiplex cytokine
detection system, MHSTCMAG-70K, Millipore, Billerica, MA, USA). The measurements were carried
out in samples of adult, old and long-lived mice.
4.5. Statistical Analysis
SPSS 21.0 (SPSS, Chicago, IL, USA) was used for the statistical analysis of the results. All data
are expressed as the mean of the values corresponding to subjects, each value being the mean of
duplicate assays. The normality of the samples and the homogeneity of variances were checked by
the Kolmogorov–Smirnov and Levene analyses, respectively. Differences due to age were studied
through Student´s t-test for independent samples. Two-sided p < 0.05 was considered the minimum
level of significance.
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Section Editor: Chennai Guest EditorUnder stressful conditions, the expression of the chaperone Hsp70 is induced, which acts as a cellular defense
mechanism. The impairment in this induction has been related to aging, whereas an increased expression has
been related to longevity. Nevertheless, it is still not known if the basal levels of Hsp70 can be indicative of the
aging rate of different tissues. The aim of this study was to quantify the basal levels of Hsp70 in tissues from fe-
male mice throughout their aging process including long-lived mice, as well as from prematurely aging mice
(PAM). Adult, old and long-lived (6, 18 and 30 months of age, respectively) female ICR-CD1 and Balb/C mice
were used. Tissues with mainly mitotic (liver and renal medulla) or post-mitotic (heart, renal cortex, cerebral
cortex, spleen) cells and peritoneal leukocytes from these animals as well as from adult PAM and non-
prematurely aging mice (NPAM), were studied. Basal levels of Hsp70 were assessed using an ELISA method.
The results showed that the aging-associated variation of the levels of Hsp70 followed a different pattern in
post-mitotic andmitotic tissues, being lower or higher in oldmice comparing to adults, respectively. In all the tis-
sues analyzed the Hsp70 levels from long-lived mice were similar to those from adult animals. In addition, in
adult PAM these Hsp70 levels were similar to those in chronologically old animals. In conclusion, Hsp70 basal
levels show tissue-speciﬁc age-associated variations and are preserved in long-lived animals, demonstrating
their role as markers of the rate of aging and longevity.







The preservation of homeodynamics through the balance between
damage and repair is critical for ensuring cell and organism survival.
However, when individuals age the ability to respond, counteract and
adapt to internal and external sources of disturbance gets progressively
impaired, so being unable to re-establish homeodynamics (Demirovic
and Rattan, 2013), which leads to the age-related increase in morbidity
and mortality (De La Fuente and Miquel, 2009). Thus, a diminished ca-
pacity to cope with stressful situations has been related to accelerated
aging and a shorter lifespan (Vida et al., 2014). In this regard, a model
of premature agingbased on an altered stress-related behavior response
has been proposed in our laboratory. These adult prematurely aging
mice (PAM) are identiﬁed by their poor response (excess of reactivity
to stress and anxiety state) in a simple T-maze exploration test. These
mice showed premature aging in immune, nervous and endocrine
systems as well as a shorter lifespan than other mice with the same
chronological age that do not show this inappropriate response to aysiology II, Faculty of Biology,
te).
125stressful situation (Pérez-Álvarez et al., 2005; Viveros et al., 2007)
supporting the evidences that the neuro-endocrine-immune communi-
cation is disrupted during the aging process (Fabris, 1991; De La Fuente
and Miquel, 2009). In addition, longevity is thought to be achieved
through themaintenance of the ability of individuals to dealwith differ-
ent stresses. In relation to this, nematodes, fruit ﬂies andmice long-lived
mutant strains are signiﬁcantly more resistant to multiple forms of
stress (Nakanishi and Yasumoto, 1997; Murakami et al., 2000).
The response to stress is controlled at the molecular level by a num-
ber of highly conserved signallingmolecules and transcriptional regula-
tors. Heat shock proteins (Hsp), also termed stress proteins, are highly
conserved molecules found in all cellular organisms. Under physiologi-
cal conditions, these proteins are expressed at low levels. However,
pathological and physiological stressful stimuli increase the synthesis
of intracellular Hsp through a mechanism known as the heat-shock re-
sponse (HSR) (Lindquist, 1986). The Hsp70 family constitutes the most
conserved and best-studied class of Hsp. This family includes constitu-
tively expressed Hsp70 (Hsc70; 73 kDa) and stress-inducible Hsp70
(Hsp72; 72 kDa). In response to cellular stress, heat shock factor 1
(HSF1) trimerizes and initiates a sequence of events including robust
activation of the Hsp70 promoter. The increased level of Hsp70 protects
stressed cells by binding and processing unfolded, misfolded, and
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(Oksala et al., 2014). Thereby, Hsp70 (the product of the HSPA1A gene)
is a crucial protein in cellular homeodynamics and increases rapidly
from a low basal level to high levels in response to a variety of stresses.
Thus, HSR is one of the main cellular stress responses, which works to
bring the cell state back into balance (Demirovic et al., 2013). In addi-
tion, maintaining the basal level of Hsp70 is necessary for the preserva-
tion of homeodynamics given that these levels regulate several critical
cellular functions including protein folding and transport, apoptosis
and inﬂammation (De Toda and De la Fuente, 2015).
What dowe expect from the relation between aging andHsp70?Ox-
idative and inﬂammatory stress is a key feature in aging and in the in-
duction of Hsp70. Then, it could be reasonable to expect higher levels
of Hsp70 in aged individuals. However, with aging the HSR experiences
an impairment as well as the induction of Hsp70 after an acute stress
(Verbeke et al., 2001). Indeed, prematurely aged mice also show a de-
creased ability to induce Hsp70 after a stressful stimulus (Nakanishi
and Yasumoto, 1997). Nevertheless, human centenarians do not experi-
ence this deterioration of Hsp70 induction, since they synthesize it in re-
sponse to a given stress as if they were young (Ambra et al., 2004).
Whereas the age-related deﬁcit in the induction of Hsp70 after an
acute stress has been widely documented, the age-related variations
of the Hsp70 basal levels have been less studied thereby existing
many controversial results depending on the animal, strain and tissue
studied as well as of the antibody used. The common trigger of Hsp70
production is the intracellular accumulation of incomplete, damaged
ormodiﬁed proteins. Thus, in aged subjects, post-translational modiﬁed
proteins and advanced glycosylation end products (AGEs), which accu-
mulate in tissues, might chronically stimulate Hsp70 production and af-
fect the basal synthesis of this cell defense system. Moreover, different
hormetic treatments such as heat shock, caloric restriction or exercise,
which acutely induce the synthesis of Hsp70 and result in an increased
constitutive expression of this protein, produce an increase in lifespan
(Söti and Csermely, 2000; Bonelli et al., 2008). This fact points to the
possible implication of Hsp70 basal levels in longevity.
For a better understanding of the importance that a speciﬁc protein
has in the aging process, the study of it in naturally long-lived individ-
uals (which are known to experience a “healthy aging”) as well as in
prematurely aged subjects (which are known to age at a faster rate) be-
comes a really useful approach. Although Hsp70 induction studies after
different acute stresses have been performed in these groups
(Nakanishi and Yasumoto, 1997; Ambra et al., 2004), no study has yet
been conducted on the Hsp70 basal levels either in long-lived nor in
prematurely aged individuals. Moreover, the possible different age-
related changes in these levels depend on the characteristic of mitotic
or post-mitotic tissue have not been studied. Thus, in order to gain in-
sight into the role that the basal levels of Hsp70 have in the aging con-
text, the analysis of Hsp70 basal levels in several tissues (mitotic and
post-mitotic; due to their different aging rate) from ICR-CD1 and Balb/
C female mice at the adult and old age was performed. The Hsp70
basal levels were also quantiﬁed in the same tissues from those ICR-
CD1 and Balb/C mice, which naturally reached high longevity as well
as in those tissues from adult prematurely aging mice (PAM). In addi-
tion, since there is an age-related increase of oxidative stress and
Hsp70 levels are associated to oxidative damage, the malondialdehyde
(MDA), a marker of lipid peroxidation, aging and life span (Dmitriev
and Titov, 2010), was analyzed.
2. Material and methods
2.1. Animals
For this study, ex-reproductive females of outbred ICR/CD-1 and in-
bred Balb/C mice (Mus musculus) strains were used, purchased from
Harlan Interfauna Ibérica (Barcelona, Spain) at the young adult age
(28 ± 4 weeks). The mice were speciﬁcally pathogen free as tested by12Harlan according to the Federation of European Laboratory Science As-
sociation recommendations. They were housed at 6 ± 1 per cage and
maintained at a constant temperature (22 ± 2 °C) in sterile conditions
inside an aseptic air negative pressure environmental cabinet
(Flufrance, Cachan, France), on a 12/12 h reversed light/dark cycle
(lights on at 8 pm). Mice had access to tap water and standard Sander
Mus pellets (A04 diet; Panlab, Barcelona, Spain) ad libitum. Diet was
in accordance with the recommendations of the American Institute of
Nutrition for laboratory animals. This cross-sectional study was per-
formed simultaneously on mice of different ages, namely adult (40 ±
4 weeks, n = 12), old (82 ± 4 weeks, n = 12) and long lived (120 ±
4 weeks, n = 6). Each age group category was formed by animals that
had been purchased from the same set. The long-livedmicehad natural-
ly achieved healthy and successful aging because the average life span
for females of ICR/CD1 mice strain is 91.9 ± 5.6 weeks (Guayerbas
et al., 2002) and the average longevity for females of BALB/c mice strain
in our Animal House is 99 ± 5 weeks (unpublished observation). The
percentage of these females that reach exceptional longevity is approx-
imately 7%–10%, as happened in the present work and in previous stud-
ies (Arranz et al., 2010). Not all animals provided the full set of data.
Non-prematurely aging mice (NPAM, n = 8) and prematurely aging
mice (PAM, n = 8) were also used (see below). For the quantiﬁcation
of the Hsp70 basal levels in PAM and NPAM another simultaneously
study was performed at the same time in chronologically adult (n =
8) and old (n = 8) ICR-CD1 mice. Mice were treated according to the
guidelines of the European Community Council Directives (86/6091
EEC).
2.2. Prematurely aging mice (PAM)
Adult (24 ± 1 weeks of age) female outbred ICR-CD1 mice were
classiﬁed as prematurely aged mice (PAM) and non-prematurely aged
mice (NPAM) according to their different behavior in a T-maze, as pre-
viously described (Viveros et al., 2007). This T-shaped maze essentially
consists of three arms made of wood, whose internal surfaces are cov-
ered with black methacrylate. The inside dimensions of each arm are
10 cm wide, 25 cm long, and 10 cm high. The ﬂoor is made of 3 mm-
thick cylindrical aluminum rods placed perpendicularly to the side
walls. The test is carried out by holding the mouse by the tip of its tail
and placing it inside the “vertical” arm of the maze with its head facing
the end wall. Its performance is evaluated with a chronometer to mea-
sure the time the animal takes to cross the intersection of the three arms
with both hind legs. This test was performed four times, once a week, to
sort the PAM (that required N10 s to complete exploration of the ﬁrst
arm on each of the four tests) from theNPAM (which completed the ex-
ploration in b10 s). Animals showing an intermediate response to the T-
maze (26% of total population) were removed from the study.
2.3. Organ extraction
Animals were sacriﬁced in the dark phase of its cycle (8:00–14:00 h)
by cervical dislocation. Organs were extracted immediately, the excess
of fat was removed and they were washed carefully with sterilized
PBS pH 7.4. Liver, kidney, heart, brain and spleen were frozen in liquid
nitrogen and stored at −80 °C until performing the Hsp70 ELISA
assay. Frozen kidneys were split into medulla and cortex. From the
brain, the anterior cerebral cortex was chosen for this study. From the
heart, the left side including the auricule and ventricule was selected.
2.4. Collection of peritoneal leukocytes
Peritoneal suspensions were collected between 8 am and 10 am, to
minimize circadian variations, without killing the animals. Mice were
held by the cervical skin, the abdomen was cleansed with 70% ethanol
and 3 mL of sterile Hank's solution, previously tempered at 37 °C, was
injected intraperitoneally. After massaging the abdomen, 80% of the6
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cytes, macrophages, and NK cells were identiﬁed by their morphology
and quantiﬁed in Neubauer chambers using optical microscopy (×40)
and adjusted to 3 × 106 of total cells. Cellular viability, routinely checked
before and after each experiment by the Trypan Blue (Sigma, St Louis,
MO) exclusion test, was higher than 99 ± 1% in all cases.
2.5. Hsp70 ELISA assay
Frozen samples were thawed on ice after addition of the extraction
buffer from the Hsp70 EIA Kit (Enzo Life Sciences, EDKS-700B, for mea-
suring induced Hsp70 (Hsp72) and homogenized with a tissue homog-
enizer (Omni International, TH2000) for 15 s. Peritoneal suspensions
were adjusted to 3 million of total cells, centrifuged at 1100g for
10 min and pellet was resuspended in the extraction buffer provided
with the kit. Both tissue and cell samples, following a 30-min incubation
on ice, were sonicatedwith 3 pulses on level 7 (Sonic Dismembrator 60,
Fisher Scientiﬁc) and then centrifuged at 20,000g for 30min. The super-
natant was diluted 1:4 using the component in the Hsp70 enzyme-
linked immunosorbent assay (ELISA) Kit. 100 μl duplicates were used
in the ELISA assay and the remaining supernatantwas used for a protein
analysis. Each 96-well ELISA plate contained duplicates of samples
(1–2 mg protein) and Hsp70 standards (1.25, 0.625, 0.313, 0.156,
0.078, 0.039, and 0 ng). The protocol provided with the Hsp70 ELISA
Kitwas followedwithoutmodiﬁcations, for quantiﬁcation ofHsp70pro-
tein levels. A Multiskan Plus (Thermo Scientiﬁc) was used to measure
absorbance at 450 nm and the data was analyzed using Ascent for
Multiskan. The results were expressed as ng of Hsp70 per milligram of
protein.
2.6. Malondialdehyde (MDA) assay
Lipid peroxidation levels were determined bymeasuring the forma-
tion of malondialdehyde (MDA) using a commercial kit (BioVision, Inc.,
Mountain View, CA, USA). Peritoneal suspensions were adjusted to 1
million of total cells, centrifuged at 1100g for 10 min and pellet was re-
suspended in 300 μl MDA lysis buffer with 3 μl BHT (×100), sonicated
and then centrifuged (13,000g, 10 min). The supernatants (200 μl)
from each sample were added to 600 μl of thiobarbituric acid (TBA)
and incubated in a water bath at 95 °C for 60 min. The samples were
cool in ice for 10 min and 200 μl (from each 800 μl reaction mixture)Fig. 1. Age-related variation of Hsp70 basal levels in mitotic tissues. A) Liver of ICR-CD1 mice; B
mice. Each column represents the mean± standard deviation of 6–12 values and each value be
animals. ###p b 0.001, ##p b 0.01, #p b 0.05 with respect to the value in old mice.
127were placed into a 96-well microplate for spectrophotometricmeasure-
ment at 532 nm. MDA supplied in the kit was used as the standard, and
MDA levels were determined by comparing the absorbance of samples
with that of standards. The results were expressed as nmol of MDA
per milligram of protein.
2.7. Protein concentration
Protein concentration of the samples was measured following
bicinchoninic acid protein assay kit protocol (Sigma-Aldrich, Madrid,
Spain).
2.8. Statistical analysis
SPSS 21.0 (SPSS, Chicago, IL, USA)wasused for the statistical analysis
of the results. All data are expressed asmean± standard deviation (SD).
Normality of the samples and homogeneity of the variances were
checked by the Kolmogorov-Smirnov test and Levene test, respectively.
Differences due to age were studied through the one-way analysis of
variance. The Tukey test was used for post hoc comparisons when vari-
ances were homogeneous, whereas its counterpart analysis Games–
Howell was used with unequal variances when they were not homoge-
neous. A two-sided p value of b0.05 was selected as the point of mini-
mal statistical signiﬁcance in every comparison.
3. Results
3.1. Hsp70 basal levels in mitotic tissues (liver and renal medulla)
The results obtained from the mitotic tissues studied are shown in
Fig. 1. In the liver of both ICR-CD1 and Balb/C mice, higher Hsp70
basal levels were found in old animals (p b 0.01; p b 0.001, respectively)
compared to the adult mice (Fig. 1A; 1B). In both strains, the naturally
long-lived group of mice showed lower Hsp70 basal levels in liver
than the old group (p b 0.01 in ICR-CD1 mice and p b 0.001 in Balb/C
mice), and these levels were similar to those found in the adult group.
In the renal medulla of both ICR-CD1 and Balb/C mice, higher levels
of Hsp 70 were found in the old group (p b 0.001 for both strains) with
respect to the adult group (Fig. 1C; 1D). In both strains, the naturally
long-lived group of mice again showed lower Hsp70 levels than the) Liver of Balb/C mice; C) Renal medulla of ICR-CD1 mice and D) Renal medulla of Balb/C
ing themean of duplicate assays. ***p b 0.001, **p b 0.01, with respect to the value in adult
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similar values to those found in adult ICR-CD1 mice.3.2. Hsp70 basal levels in post-mitotic tissues (heart, renal cortex, cerebral
cortex and spleen)
With regard to post-mitotic tissues (Fig.2), in the heart of both ICR-
CD1 and Balb/C mice, lower Hsp70 basal levels were found in old ani-
mals (p b 0.01 for both strains) compared to the adult mice (Fig. 2A,
B). In both strains, the naturally long-lived group ofmice showed higher
Hsp70 levels in the heart than the old group (p b 0.001 in ICR-CD1mice,
p b 0.01 in Balb/C mice), and these levels were similar to those found in
adults.
In the renal cortex of both ICR-CD1 and Balb/C mice, lower Hsp70
basal levels were found in old animals (p b 0.01 in ICR-CD1 mice;
p b 0.05 in Balb/C mice) compared to the adults (Fig. 2C, D). In both
strains, the naturally long-lived group of mice showed higher Hsp70
basal levels in the renal cortex than the old group (p b 0.01 for both
strains), and these levels were similar to those found in the adult group.Fig. 2. Age-related variation of Hsp70 basal levels in post-mitotic tissues. A) Heart of ICR-CD1
mice; E) Cerebral cortex of ICR-CD1 mice; F) Cerebral cortex of Balb/C mice; G) Spleen of ICR
deviation of 6–12 values and each value being the mean of duplicate assays. ***p b 0.001, **
#p b 0.05 with respect to the value in old animals.
12In the cerebral cortex of both ICR-CD1 and Balb/Cmice, lower Hsp70
basal levels were found in old animals (p b 0.001 in ICR-CD1 mice;
p b 0.01 in Balb/C mice) compared to the adult group (Fig. 2E, F). In
both strains, the naturally long-lived group of mice showed Hsp70
levels higher than the old group (p b 0.001 for both strains). No signiﬁ-
cant differences were found between adult and long-lived groups.
In the spleen from ICR-CD1 and Balb/C (Fig. 2G, H) a decrease in the
Hsp70 basal levels in the old group was found compared to the adult
group (p b 0.01 in both strains). The naturally long-lived mice showed
higher levels than the old group in both strains (p b 0.05 in ICR-CD1
mice; p b 0.01 in Balb/C mice) and these levels were similar to those
found in the adult group.
3.3. Hsp70 basal levels in prematurely aging mice (PAM)
The results of Hsp70 basal levels in renal medulla (mitotic tissue),
cerebral cortex and spleen (post-mitotic tissues) from adult premature-
ly aging mice (PAM) are shown in Fig. 3. In renal medulla PAM showed
higher Hsp70 basal levels (p b 0.01) compared to the corresponding
NPAM (Fig. 3A). In the cerebral cortex and the spleen of PAM lowermice; B) Heart of Balb/C mice; C) Renal cortex of ICR-CD1 mice; D) Renal cortex of Balb/C
-CD1 mice and H) Spleen of Balb/C mice. Each column represents the mean ± standard
p b 0.01, *p b 0.05 with respect to the value in adult animals. ###p b 0.001, ##p b 0.01,
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Table 1
Hsp70 basal levels in adult prematurely aging mice (PAM) and non-prematurely aging
mice (NPAM) compared to chronologically adult and old ICR-CD1 mice.
Tissues Adult NPAM PAM Old
Liver 0.18 ± 0.06 0.21 ± 0.06 0.29 ± 0.01 0.30 ± 0.09#
Heart 0.29 ± 0.12 0.20 ± 0.03 0.14 ± 0.06 0.15 ± 0.04#
Renal cortex 0.28 ± 0.02 0.31 ± 0.06 0.26 ± 0.06 0.17 ± 0.05#
Each value shown represents themean± standard deviation of 6–8 values and each value
being the mean of duplicate assays.
# p b 0.05 with respect to the value in adult animals.
Fig. 3. Hsp70 basal levels in adult prematurely aging mice (PAM) and non-prematurely
aging mice (NPAM) compared to chronologically adult and old ICR-CD1 mice. A) Renal
medulla; B) Cerebral cortex; C) Spleen. Each column represents the mean ± standard
deviation of 6–8 values and each value being the mean of duplicate assays. ***p b 0.001,
**p b 0.01, *p b 0.05 with respect to the value in non-prematurely aging mice (NPAM).
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the NPAM (Fig. 3B, C). In liver, heart and renal cortex no signiﬁcant dif-
ferenceswere detected (Table 1). In all cases the values obtained in PAM
were similar to those in chronologically old animals.
3.4. Hsp70 basal levels in peritoneal leukocytes
Hsp70 basal levelswere also quantiﬁed in peritoneal leukocytes. The
results show that the age-related Hsp70 variation in peritoneal leuko-
cytes follows the same pattern as was found in the spleen. Thus, lower
Hsp70 basal levels were detected in old mice (p b 0.001) compared to
the adult animals whereas the naturally long-lived mice showed higher
levels than the old group (p b 0.01), and similar to those in adults
(Fig. 4A). PAM at the adult age have lower Hsp70 basal levels
(p b 0.01) than NPAM (Fig. 4B) and similar values to those obtained in
chronologically old animals.
3.5. Malondialdehyde levels (MDA) in peritoneal leukocytes
Malondialdehyde (MDA) levels were also quantiﬁed in peritoneal
leukocytes (Fig.5). The results show higher MDA levels in old mice
(p b 0.001) compared to the adult animals, whereas long-lived mice
keep lipid peroxidation levels as if they were adults, showing lower
levels than the old group (p b 0.001), and similar to those in adults
(Fig. 5A). PAM at the adult age have higher Hsp70 basal levels
(p b 0.01) than NPAM (Fig. 5B) and similar values to those obtained in
chronologically old animals.1294. Discussion
Themain contribution of this study is to show that the basal levels of
Hsp70 of two strains of mice (ICR-CD1 and Balb/C mice) present age-
related changes. These variations are tissue speciﬁc and seem to depend
on the mainly post-mitotic or mitotic cell composition of those tissues,
showing a U-shape or U-shape inverted, respectively. Moreover, in sev-
eral tissues of prematurely aged adult mice, Hsp70 basal levels are sim-
ilar to those in chronologically old individuals. These results and the fact
that the Hsp70 basal levels are preserved in naturally long-lived mice
(comparable to the ones obtained in adults) in all the tissues analyzed,
seem to demonstrate the relevance of basal Hsp70 levels as a possible
marker of rate of aging and healthy longevity.
In tissues such as liver or renal medulla, which aremainly composed
by mitotic cells, higher Hsp70 basal levels were detected in old mice in
comparison to the adults. Although in a previous study in liver un-
changed Hsp70 levels during aging in rats were reported, the antibody
used in that work detected both the constitutively expressed Hsp70
(Hsc70) and the stress-inducible Hsp70 (Hsp72) (Nardai et al., 2002).
Thus, the increased Hsp70 basal levels could not be detected if there
was a decrease in Hsc70 basal levels. In fact, another study in rats
showed an age-related decline in Hsc70 basal levels in the liver
(Bonelli et al., 2008). In primary hepatocytes isolated from young and
senescent rats an age-related increase in Hsp70 basal levelswas also ob-
served (Hall et al., 2001). Moreover, an age-dependant basal Hsp70 ac-
cumulation was detected in ﬁbroblasts undergoing aging “in vitro”
(Fonager et al., 2002). In tissues such as heart, renal cortex and cerebral
cortex, with mainly post-mitotic cells, lower Hsp70 basal levels were
detected in old mice compared to the adults. This age-related decline
in post-mitotic tissues was also supported by other studies carried out
in cerebral cortex (Unno et al., 2000) and in heart (Colotti et al., 2005)
of rats. In the spleen, which is principally composed of leukocytes, as
well as in peritoneal immune cells, which in basal conditions can be
considered post-mitotic cells, lower Hsp70 basal levels were detected
in old mice compared to adults. Other studies performed in human
monocytes (Njemini et al., 2002) and in human neutrophils
(Kovalenko et al., 2014) also showed an age-related decline in Hsp70
basal levels.
Hsp70 is so essential for life and so well conserved across species
that the gene encoding this protein (HSPA1A) has been termed
“vitagene” by Calabrese et al. (2011, 2012); Cornelius et al., 2013).
Moreover, Hsp70, as a cellular defense mechanism, is involved in key
cellular aging processes such as proteotoxicity, oxidation,mitochondrial
biogenesis, apoptosis, immunosenescence and inﬂammation, becoming
an important component in the regulation of aging and longevity (De
Toda and De la Fuente, 2015).
Focusing on the protein quality control system, the different age-
related variations of Hsp70 levels can be explained by the different
rate of damage accumulation experienced by mitotic and post-mitotic
cells. Hence, the higher Hsp70 levels found in mitotic tissues of old
mice may show an adaptation to the age-related increase in protein
modiﬁcation such as oxidation and glycation, among others
(Calderwood et al., 2009). Thus, the growing number of misfolded poly-
peptide chains, could titrate out the chaperones from the HSF-1 and
Fig. 4.Hsp70 basal levels in peritoneal leukocytes. A) Chronological aging. B) Premature aging: NPAMand PAM. Each column represents themean± standarddeviation of 6–12 values and
each value being the mean of duplicate assays. ***p b 0.001, **p b 0.01, with respect to the value in adult animals or in NPAM. ##p b 0.01, with respect to the value in old animals.
I.M. de Toda et al. / Experimental Gerontology 84 (2016) 21–28
ARTÍCULO 4induce a constitutive stress response. According to the oxidative-
inﬂammatory theory of aging, oxidative stress affects primarily post-
mitotic cells and consequently post-mitotic tissues are the ones that
age at a faster speed, as they do not divide their oxidatively-damaged
components such as mitochondria, during cell cycle division (De La
Fuente and Miquel, 2009). Based on that, one would expect post-
mitotic tissues to be the ones to experience the most marked increase
in Hsp70 basal levels during aging. However, a decline in the Hsp70
basal levels was found in those tissues, mainly composed by post-
mitotic cells, from old animals. This fact could be due to the inability
of these post-mitotic cells from old subjects to compensate for the
age-related chronic damage and thus the ability to constitutively ex-
press Hsp70 gets impaired in these cells. In fact, in peritoneal leukocytes
from old mice higher levels of lipid peroxidation damage (MDA) com-
paring to those from adult and long-lived mice were observed in the
present study. This increased oxidative state was associated to lower
Hsp70 basal levels than in adult and long-lived mice. Thus, a possible
age-related exhaustion of Hsp70 levels appear in post-mitotic cells as
consequence of chronic oxidative stress that suffer these cells. An im-
pairment in the capacity of response tohigh oxidative state in peritoneal
leukocytes from old mice has been previously observed (Arranz et al.,
2010). Although further research is needed in order to elucidate the un-
derlying mechanisms of this fact, the age-related redox imbalance in
post-mitotic cells could be one of the causes of the inhibition of HSF-1
trimerization (Ahn and Thiele, 2003) and consequently of the decreased
Hsp70 synthesis. Another mechanism that could explain this is the RNA
interference-mediated post-transcriptional inhibition of Hsp70 due to
chronic oxidative stress exposure (Spiró et al., 2012).
Furthermore, the age-related variation of Hsp70 levels observed
may be a consequence of aging but it could also be involved in the
aging process due to the role that Hsp70 has in abolishing the apoptosis
cascade atmultiple points (Rérole et al., 2011). This is an intriguing sug-
gestion given that the age-related increased basal synthesis of Hsp70
found in mitotic tissues, could make non-functional mitotic cells resis-
tant to enter apoptosis, which may lead to uncontrolled cell division
and cancer. In addition, the age-related decreased basal synthesis ofFig. 5. Lipid peroxidation levels (MDA) in peritoneal leukocytes from ICR-CD1 mice. A) Chrono
standard deviation of 6–12 values and each value being the mean of duplicate assays. ***p b 0
respect to the value in old animals.
13Hsp70 found in post-mitotic tissues would make these cells more vul-
nerable to apoptosis, leading to tissue deterioration and aging.
The theory of oxidation and inﬂammation of aging links chronic ox-
idative and inﬂammatory stress with a persistent activation of the tran-
scription factor NF-kB, and suggests the involvement of the immune
system in this activation and in the aging process (De La Fuente and
Miquel, 2009). Hsp70, as a “vitaprotein” also takes part in this process.
It has been demonstrated that intracellular Hsp70 can operate at
many levels of the NF-kB pathway to inhibit or dampen its activation
(Guzhova et al., 1997; Zheng et al., 2008). According to this, the de-
creased Hsp70 levels found in the immune cells of old mice could
contribute to the NF-kB permanent activation and consequent accelera-
tion of aging, whereas in the immune cells of long-livedmice the higher
Hsp70 levels could reﬂect themaintenance of efﬁcient anti-inﬂammatory
mechanisms.
The changes in Hsp70 found in chronologically old mice are also
shown in adult prematurely-aging mice (PAM). These animals are se-
lected on the basis of an inappropriate response to a stress situation
and characterized by a premature immunosenescence aswell as prema-
ture neurochemical and behavioral aging and they have shorter
lifespans than the corresponding non-prematurely aging mice
(NPAM) of the same age (Pérez-Álvarez et al., 2005; Viveros et al.,
2007). These PAM, despite being adults, showed similar Hsp70 levels
to those detected in chronologically old mice in renal medulla, cerebral
cortex, spleen and peritoneal leukocytes. This supports the concept that
Hsp70 is an intrinsic component of the immune-neuro-endocrine net-
work and that an adequate balanced production of this protein can fa-
vour successful aging by interfering with oxidative stress and
inﬂammation at peripheral and brain levels exerting neuronal protec-
tion, synaptic plasticity, and memory consolidation (Ortega et al.,
2012). Thus, the results in these animals are another conﬁrmation that
PAM show premature aging as adults.
By their ability to survive well beyond average life expectancy, natu-
rally long-lived individuals of any species would be expected to have
withstood the detrimental effects of the aging process better than
those individuals who do not live to extreme old age. The study oflogical aging. B) Premature aging: NPAM and PAM. Each column represents the mean ±
.001, **p b 0.01, with respect to the value in adult animals or in NPAM. ###p b 0.001, with
0
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process and the processes that result in frailty in a wide range of phys-
iological systems (Arranz et al., 2010). In the present study, those indi-
viduals that reached an advanced age, maintained lower Hsp70 basal
levels in mitotic tissues and increased Hsp70 basal levels in post-
mitotic tissues, as if they were adults. One plausible explanation
for these results can be that given their correct maintenance of
homeodynamic along their whole lifetime, these individuals have expe-
rienced less damage accumulation,which is reﬂected by a lower need of
Hsp70 inmitotic cells and by a non-impaired synthesis of Hsp70 in post-
mitotic cells. In fact, the levels ofMDA observed in peritoneal leukocytes
from long-livedmicewere similar to those in adults. Another possibility
is that this could be an adaptive strategy to improve whole body ho-
meostasis by, on the onehand, promoting the apoptosis of damagedmi-
totic cells, which can be replaced, for a better whole tissue functioning,
and on the other by preventing the apoptosis of post-mitotic cells,
which leads to tissue degeneration (De Toda and De la Fuente, 2015).
Moreover, in post-mitotic tissues, such as muscle and brain, Hsp70 has
been shown to promote mitochondrial biogenesis and regulate the
mitochondrial quality control processes of autophagy, fusion and
ﬁssion (Gaweda-Walerych and Zekanowski, 2013; Drew et al., 2014;
Henstridge et al., 2014). In addition, overexpression of Hsp70 has been
found to be negatively correlated to the age-related increase of oxida-
tive stress markers in muscle (Broome et al., 2006) extending the
lifespan in a model of severe muscular dystrophia (Gehrig et al., 2012)
aswell asmediating neuroprotection in ratmodels of stroke and epilep-
sy (Yenari et al., 1998; Rérole et al., 2011). Thus, the increased levels that
long-lived mice show in post-mitotic tissues compared to old mice
would ensure proper cell functioning, mitochondria quality control
maintenance as well as decreased oxidative stress damage.
Given the wide spectrum of functions described for Hsp70 further
research is needed in order to clarify if its involvement in aging and lon-
gevity relies on a certain speciﬁc function (ameliorating proteotoxicity,
counteracting oxidative damage, promoting mitochondria biogenesis,
inhibiting apoptosis or dampening the establishment of a pro-
inﬂammatory state), or if it is through a combination of some or all of
them. Moreover, the results obtained in the present study show the rel-
evance of tissue Hsp70 basal levels in aging, and although these basal
levels might be more modest than those induced by heat shock or
other stress insults, the impact of this fact might be more important
since show a normal and frequent situation, whereas the capacity to
produce very high levels of Hsp70 after heat shock is an extremely
rare event.
Nevertheless, despite there being many potential biomarkers that
change with aging, the demonstration that prematurely aging mice,
which have a shorter lifespan, have Hsp70 basal levels similar to chro-
nologically old individuals whereas naturally long-lived mice maintain
Hsp70 basal levels comparable to the ones in adults, seems to demon-
strate the relevance of basal Hsp70 levels in lifespan and as a marker
of the rate of aging and healthy longevity.
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According to the oxidative-inﬂammatory theory of aging, there is a link between the function, the oxidative-inﬂammatory stress
state of immune cells, and longevity. However, it is unknown which immune cell parameters can predict lifespan and if there
would be any changes in this prediction, depending on the age of the subject. Therefore, a longitudinal study in mice was
performed analysing immune function (chemotaxis of macrophages and lymphocytes, phagocytosis of macrophages, natural
killer (NK) activity, and lymphoproliferation capacity), antioxidant (catalase (CAT), glutathione peroxidase (GPx), and
glutathione reductase (GR) activities as well as reduced glutathione (GSH) concentrations), oxidant (oxidized glutathione
(GSSG), superoxide anion, and malondialdehyde (MDA) concentrations), and inﬂammation-related markers (basal release of
IL-1β, IL-6, TNF-α, and IL-10) in peritoneal leukocytes from mice at the adult, mature, old, very old, and long-lived ages
(40, 56, 72, 96, and 120 ± 4 weeks of age, respectively). The results reveal that some of the investigated parameters are
determinants of longevity at the adult age (lymphoproliferative capacity, lymphocyte chemotaxis, macrophage chemotaxis
and phagocytosis, GPx activity, and GSH, MDA, IL-6, TNF-α, and IL-10 concentrations), and therefore, they could be
proposed as markers of the rate of aging. However, other parameters are predictive of extreme longevity only at the very old
age (NK activity, CAT and GR activities, and IL-6 and IL-1β concentrations), and as such, they could reﬂect some of the
adaptive mechanisms underlying the achievement of high longevity. Nevertheless, although preliminary, the results of the
present study provide a new perspective on the use of function, redox, and inﬂammatory parameters in immune cells as
prognostic tools in aging research and represent a novel benchmark for future work aimed at prediction of lifespan.
1. Introduction
Nowadays, increasing average life expectancy is turning the
focus of gerontologists from trying to increase lifespan to
experiencing healthy aging by prolonging the so-called
“healthspan” [1]. It has been predicted that in 2050, 22% of
the world population will be over 60 years old. Thus, many
countries are facing an increased prevalence of age-related
diseases and increasing healthcare costs given that the rapid
rise in older people is accompanied by an increase in the
number of subject with chronic age-related diseases, such as
heart disease, lung disease, stroke, cancer, and diabetes [2].
However, some individuals live more than a century without
ever suﬀering from the chronic diseases that aﬄict most
humans much earlier in their lives. Therefore, focus should
be placed on the study of those successful phenotypes to
assist in the understanding of aging. Thus, centenarians have
been shown to retain independence and capability as well
as cognition at higher levels for longer than the general
population, together with postponed mortality [2–5].
Therefore, their study might help to achieve an extended
healthy lifespan for the wider population.
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Several theories have been proposed to explain the
aging process. The oxidative-inﬂammatory theory of aging
[6] links the age-related increase in oxidative stress [7, 8]
with the chronic low-grade inﬂammation, the so-called
“inﬂamm-aging” [9], through the interplay of the immune
system. It is known that the age-related increase in oxidative
stress impairs the correct functioning of cells. Given that
oxidation and inﬂammation are interlinked processes, the
increase in oxidative stress in immune cells results in an
increased release of proinﬂammatory mediators, giving as a
result the age-related establishment of a chronic oxidative
and inﬂammatory stress [6]. According to this theory, a
relationship has been found between the oxidative and
inﬂammatory states of immune cells, their functional capac-
ity, and the lifespan of a subject [6]. In this regard, it has been
demonstrated that centenarians have immune cell function
and redox parameters similar to those in adults, despite their
advanced age [10, 11]. However, if they maintain this optimal
functionality during their whole lifespan or they undergo
some remodelling of these parameters during aging is
unknown. Therefore, a deep understanding of these subjects
would require their follow-up throughout the aging process
to shed light into which changes or adaptations are the
“successful ones.” Since a longitudinal study is impossible
to carry out in human subjects throughout the whole aging
process, mice, which have a mean longevity of 2 years, were
used for this work. In addition, peritoneal leukocytes were
chosen as a sample of study given that they can be extracted
without killing the mouse and in the absence of anaesthesia.
This fact allowed the monitoring of mice from the adult age
until the natural death of the animals.
Thus, a longitudinal study was performed analysing
several functions (macrophage chemotaxis and phagocyto-
sis, natural killer activity, lymphocyte chemotaxis, and
lymphoproliferation capacity), redox parameters (catalase,
glutathione peroxidase, and glutathione reductase activities,
reduced and oxidized glutathione, and superoxide anion
and malondialdehyde concentrations), and inﬂammatory
mediators (basal release of IL-6, IL-1β, TNF-α, and IL-10)
in peritoneal leukocytes throughout the aging process of
mice. This approach allowed us to address three important
questions: (i) which markers are the most important predic-
tors of remaining longevity in adult or middle life? (ii) Are
the same parameters predictive of successful aging at very
advanced age? (iii) Which changes or adaptations an individ-
ual experiences throughout his/her lifetime that allow the
attainment of extreme longevity?
2. Material and Methods
2.1. Experimental Animals and Extraction of Peritoneal
Leukocytes. 40 female outbred ICR/CD1 exreproductive mice
(Mus musculus) were acquired from Janvier Labs (Germany)
when they were 32 ± 4 weeks old. The collection of perito-
neal suspensions was performed at the adult (40 ± 4 weeks;
n = 38), mature (56 ± 4 weeks; n = 25), old (72 ± 4 weeks;
n = 15), very old (96 ± 4 weeks; n = 11), and long-lived
(120 ± 4 weeks; n = 3) ages. Mice were further divided at each
age point into adult mice (survivors, n = 22; nonsurvivors,
n = 13; and long-lived, n = 3); mature mice (survivors,
n = 12; nonsurvivors, n = 10; and long-lived, n = 3); old mice
(survivors, n = 8; nonsurvivors, n = 4; and long-lived, n = 3);
and very old mice (survivors, n = 3; nonsurvivors, n = 8).
All the animals had a natural death, whereas when no
weight loss (<20%), moribund state, or tumor formation
was detected, the cause of death was not further investigated.
Leukocytes from peritoneal suspensions were identiﬁed by
their morphology (macrophages or lymphocytes) and quan-
tiﬁed (number of cells/mL) in Neubauer chambers. The
measurement of markers was performed using unfractio-
nated peritoneal leukocytes to better reproduce the in vivo
situation. The peritoneal suspensions were adjusted to a
speciﬁc number of macrophages, lymphocytes, or total leu-
kocytes, depending on the parameter analysed as described
in the corresponding section.
2.2. Analysis of Immune Function Parameters
2.2.1. Chemotaxis. Cell suspensions were adjusted to 0 5 × 106
cells (macrophages or lymphocytes)/mL in Hank’s medium
and placed into a Boyden chamber. The number of cells
that migrated towards formyl-Met-Leu-Phe was counted
and expressed as the Chemotaxis Index, as previously
described [11].
2.2.2. Phagocytosis.Cell suspensions were adjusted to 0 5 × 106
macrophages/mL in Hank’s medium and placed into
migration inhibition factor (MIF) plates for 30 min. After
washing, latex beads were added into the plates and the
number of latex beads ingested by 100 macrophages
was counted and expressed as the Phagocytic Index, as
previously described [11].
2.2.3. Natural Killer (NK) Cytotoxicity. Cell suspensions were
adjusted to 106 total cells/mL in RPMI 1640 medium and
placed into 96-well plates. Murine YAC-1 lymphoma cells
were added into wells, and NK activity was assessed by
quantifying released lactate dehydrogenase into the medium
(Cytotox 96 TM, Promega, Germany). The results were
expressed as the percentage of tumor cells killed (% lysis),
as previously described [11].
2.2.4. Lymphoproliferative Capacity. Cell suspensions were
adjusted to 0 5 × 106 lymphocytes/mL in RPMI 1640
medium supplemented with fetal bovine serum (FBS) and
placed into 96-well plates. The mitogen concanavalin A
(Con A) or complete medium was added into wells and incu-
bated for 48 h. Then, 3H-thymidine was also added and
incubated for 24 h. 3H-Thymidine uptake was quantiﬁed
in a beta counter both in basal and stimulated conditions,
and results were expressed as lymphoproliferation capacity
(%), 100% being the counts per minute (cpm) in basal
conditions, as previously described [11].
2.3. Determination of Redox Parameters
2.3.1. Catalase (Cat) Activity. Cell suspensions were adjusted
to 106 total cells/mL in Hank’s medium and centrifuged, and
cell pellets were resuspended in oxygen-free phosphate buﬀer
50 mM. Then, they were sonicated and supernatants were
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2.4. Determination of Inﬂammatory Parameters
2.4.1. Cytokine Measurement. After incubation of peritoneal
immune cells for 48 hours in the absence of any mitogen
(basal conditions), supernatants were collected. The basal
release of IL-1β, IL-6, TNF-α, and IL-10 was measured
simultaneously in these supernatants by multiplex lumino-
metry (Beadlyte mouse multiplex cytokine detection system,
MHYSTOMAG-70K, Upstate, Millipore).
2.5. Statistical Analysis. Diﬀerences between groups of the
same age were studied using Student’s t-test for independent
samples. Age-related diﬀerences in the group of long-lived
mice were studied using Student’s t-test for paired samples.
Two-sided P < 0 05 was considered the minimum level of
signiﬁcance. In order to investigate the potential role of the
parameters studied as predictors of lifespan, Pearson’s
correlation coeﬃcients were calculated for each of the param-
eters studied at each age and the respective lifespan that each
individual mouse achieved.
3. Results
Several immune function, redox, and inﬂammatory parame-
ters were assessed in peritoneal leukocytes from female
mice, throughout a longitudinal study, starting at the age
of 40 weeks until the natural death of the animals. Each
mouse was monitored individually along its aging process.
At each age analysed, the results are shown classifying
mice into three groups: those that lived until the next
age point studied, those that died before the next age
point, and the animals that reached extreme longevity.
Regarding immune function parameters (Figure 1), mice
of the group that survived until the next age point show, in
general, a better immune functionality than those that die.
However, diﬀerences exist depending on the parameter and
the age point investigated. Accordingly, mice that reach
extreme longevity also show better immune functions, in
general, compared to those that die and in some cases even
better than those that live to the next age point studied.
When focusing on the age-related changes that those mice
that reach extreme longevity undergo, it was found that they
experience a decrease in almost all immune functions when
they are old followed by a subsequent increase at the very
old age, showing optimal immune function values when they
are long-lived.
With respect to antioxidant parameters (Figures 2(a)–
2(d)), there are almost no diﬀerences between those mice that
survived until the next age point and those that died. How-
ever, the group of mice that reach extreme longevity shows
a higher antioxidant capacity, in general, compared to those
that die at most of the ages studied. This group of mice that
reach high longevity experience an age-related decrease in
GSH concentration compared to when they were adults,
but they undergo a large increase in GPx and GR activities
when they are close to reaching extreme longevity.
In relation to oxidant parameters (Figures 2(e)–2(h)), the
group of mice that survive to the next age and those that
become long-lived show lower GSSG/GSH ratios and MDA
used? for? the?enzymatic?reaction? together?with?14?mM?H2O2?
as? substrate.? Decomposition? of? H2O2? was? measured? at?
240? nm? as? previously? described? [12].? The? results? were?
expressed? as? units? (U)? of? catalase? activity/mg? protein.
2.3.2.? Glutathione? Peroxidase? (GPx)? Activity.? Cell? suspen-
sions?were?adjusted?to?106? total?cells/mL?in?Hank’s?medium?
and? centrifuged,? and? cell? pellets? were? resuspended? in?
oxygen-free? phosphate? buﬀer? 50? mM.? Then,? they? were?
sonicated? and? supernatants? were? used? for? the? enzymatic?
reaction?together?with?cumene?hydroperoxide?as?a?substrate?
(cumene-OOH)? as? previously?described? [12].?Oxidation? of?
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centrifuged,? and? the? cell? pellets? were? resuspended? in?
oxygen-free? phosphate? buﬀer? 50?mM? and?EDTA? 6.3?mM.?
Then,? they?were? sonicated? and? supernatants?were?used? for?
the? enzymatic? reaction? together?with? oxidized? glutathione?
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Oxidation?of?NADPH?was?measured?at?340?nm.?The?results?
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2.3.5.? Intracellular? Superoxide? Anion? Concentration.? Cell?
suspensions? were? adjusted? to? 106? macrophages/mL? in?
Hank’s? medium? and? mixed? with? nitroblue? tetrazolium?
(NBT)? (1?mg/mL).? After? 60?min? incubation,? the? reaction?
was? stopped? with? HCl? 0.5? M;? samples? were? centrifuged?
and?supernatants?discarded.? Intracellular?reduced?NBT?was?





cial?kit? “Lipid?Peroxidation? (MDA)?Assay?Kit”? (BioVision,?
CA,? USA).? Cell? suspensions? were? adjusted? to? 106? total?
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were? centrifuged? and? supernatants? collected? and?dispensed?
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Figure 1: Immune function parameters analysed in peritoneal leukocytes from mice throughout a longitudinal study: (a) macrophage
chemotaxis; (b) macrophage phagocytosis; (c) natural killer activity; (d) lymphocyte chemotaxis; (e) lymphoproliferation. A: adult mice
(40 weeks old; n = 38); M: mature mice (56 weeks old; n = 25); O: old mice (72 weeks old; n = 18); VO: very old mice (96 weeks old; n = 11);
LG: long-lived mice (120 weeks old; n = 3). ∗P < 0 05; ∗∗P < 0 01; ∗∗∗P < 0 001 with respect to the group of mice that die before the next
age point (Student’s t-test for independent samples). a: P < 0 05, aa: P < 0 01 with respect to adult mice that reach extreme
longevity; b: P < 0 05, bb: P < 0 01 with respect to mature mice that reach extreme longevity; c: P < 0 05 with respect to old mice
that reach extreme longevity (Student’s t-test for paired samples).
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Figure 2: Redox parameters analysed in peritoneal leukocytes from mice throughout a longitudinal study: (a) catalase (Cat) activity;
(b) glutathione peroxidase (GPx) activity; (c) glutathione reductase (GR) activities; (d) reduced glutathione (GSH) concentration;
(e) superoxide anion concentration; (f) oxidized glutathione (GSSG) concentration; (g) GSSG/GSH ratio; (h) MDA concentration.
A: adult mice (40 weeks old; n = 38); M: mature mice (56 weeks old; n = 25); O: old mice (72 weeks old; n = 18); VO: very old mice (96 weeks
old; n = 11); LG: long-lived mice (120 weeks old; n = 3). ∗P < 0 05; ∗∗P < 0 01; ∗∗∗P < 0 001 with respect to the group of mice that die before
the next age point (Student’s t-test for independent samples). a: P < 0 05, aa: P < 0 01 with respect to adult mice that reach high longevity;
b: P < 0 05, bb: P < 0 01 with respect to mature mice that reach high longevity; c: P < 0 05 with respect to old mice that reach high
longevity; d: P < 0 05, dd: P < 0 01 with respect to very old mice that reach high longevity (Student’s t-test for paired samples).
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concentrations than those that die. Long-lived mice experi-
ence an increase in almost all oxidant parameters when they
are old and very old, followed by a subsequent decrease, and
thus showing optimal levels when they are long-lived.
Regarding inﬂammatory mediators (Figure 3), both the
groups of mice that survive to the next age and those that
reach high longevity show, at most of the ages studied, lower
basal release of proinﬂammatory cytokines and higher
release of the anti-inﬂammatory cytokine IL-10, compared
to those that die. Those mice that become long-lived
experience a gradual increase in IL-6, IL-1β, and TNF-α
when they age, but they lessen TNF-α basal release when they
are long-lived. In the same way, they experience a slight
decrease in IL-10 basal release when they age, followed by a
large increase when they are long-lived.
Due to the observed heterogeneity of values for a given
parameter among mice from the same age group and given
that the lifespan of each mouse was monitored individually,
it was possible to investigate the relationship between the
values of a given parameter of each mouse at a certain age
and its ﬁnal achieved lifespan.
With respect to immune function parameters (Figure 4),
a positive correlation was found between the chemotaxis
capacity of macrophages and lifespan at the adult, mature,
old, and very old ages (P < 0 01; P < 0 01; P < 0 05; and
P < 0 01, respectively) and between the phagocytic ability
of macrophages and achieved lifespan at the adult and very
old ages (P < 0 01; P < 0 05, respectively). In addition, posi-
tive correlations were also found between the NK activity
and remaining lifespan at the very old age (P < 0 05),
between the chemotaxis capacity of lymphocytes and life-
span at the adult age (P < 0 01), and between the ability
of lymphocytes to proliferate in response to Con A and
achieved lifespan at the adult and mature ages (P < 0 01;
P < 0 05, respectively).
Regarding redox parameters (Figure 5), there are positive
correlations between Cat and GR activities and lifespan at the
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Figure 3: Basal release of cytokines in peritoneal leukocytes from mice throughout a longitudinal study: (a) IL-6 concentration (pg/mL);
(b) IL-1β concentration (pg/mL); (c) TNF-α concentration (pg/mL); (d) IL-10 concentration (pg/mL). A: adult mice (40 weeks old;
n = 38); M: mature mice (56 weeks old; n = 25); O: old mice (72 weeks old; n = 18); VO: very old mice (96 weeks old; n = 11); LG: long-
lived mice (120 weeks old; n = 3). ∗P < 0 05; ∗∗P < 0 01; ∗∗∗P < 0 001 with respect to the group of mice that die before the next age point
(Student’s t-test for independent samples). a: P < 0 05, aa: P < 0 01 with respect to adult mice that reach high longevity; b: P < 0 05 with
respect to mature mice that reach high longevity; c: P < 0 05 with respect to old mice that reach high longevity (Student’s t-test for
paired samples).
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GPx activity and lifespan at the adult, mature, and very old
ages (P < 0 05; P < 0 05; and P < 0 01, respectively). In
addition, a positive correlation was found between GSH
concentration and lifespan at the adult and old ages
(P < 0 01), whereas a negative correlation was found between
MDA concentration and lifespan at the adult and mature
ages (P < 0 01).
With respect to the inﬂammatory mediators (Figure 6),
there is a negative correlation between basal release of IL-6
and lifespan at the adult age (P < 0 01) and a positive
correlation between basal release of IL-6 and lifespan at the
very old age (P < 0 05). Likewise, a negative correlation was
found between IL-1β and lifespan at the mature age
(P < 0 05) whereas a positive correlation was found between
IL-1β and lifespan at the very old age (P < 0 05). For TNF-α,
there is a negative correlation between its basal release and
achieved lifespan at the adult, mature, and very old ages
(P < 0 05; P < 0 01; and P < 0 05, respectively), whereas
for IL-10 there is a positive correlation with lifespan at
the adult, old, and very old ages (P < 0 01).
4. Discussion
Biomarkers of aging are deﬁned by their quality of predicting
life expectancy, but given that life expectancy data for many
individuals are diﬃcult to collect, most of the studies estab-
lish “biomarkers of age” instead of biomarkers of aging.
The “biomarkers of age” concept is simply based on cross-
sectional trends of features as a function of time. According
to [13], “the regular and progressive changes over time
per se do not constitute aging unless they produce some
deleterious outcome.” Thus, using longitudinal evidence,
biomarkers of age can be validated as biomarkers of aging if
high or low values are associated with deleterious or beneﬁ-
cial eﬀects [14, 15]. The present longitudinal study shows
that several function, redox, and inﬂammatory parameters
of immune cells are strongly related to lifespan. Neverthe-
less, the most outstanding contribution is that this relation-
ship with lifespan is diﬀerent for each parameter depending
on the age of the subject. Thus, our results show that certain
parameters, such as the ability to proliferate and migrate
towards a stimulus of lymphocytes, the capacity to migrate
and ingest foreign particles of macrophages, the GPx acti-
vity, concentration of GSH and MDA as well as the basal
release of IL-6, TNF-α and IL-10, strongly correlate with
the ﬁnal achieved lifespan of each individual mouse at the
adult age. The early power of these parameters in forecasting
lifespan highlights their essential role for the maintenance of
health throughout aging, and therefore, they could be used
as biomarkers of the rate of aging, i.e., of biological age. In
addition, some of these parameters, such as macrophage
chemotaxis and phagocytosis, GPx activity and basal release
of TNF-α and IL-10, are also predictive of lifespan at very
old age, and thus, they could be investigated in old animals
in order to discriminate which will reach extreme longevity.
The fact that macrophage function relates to lifespan across
lifetime supports the hypothesis of phagocytes being the
main cells responsible for the chronic oxidative and inﬂam-
matory stress associated with immunosenescence and there-







































Figure 4: Pearson’s correlation coeﬃcient for each immune function parameter and lifespan at each age. Adult mice: 40 weeks old. Mature
mice: 56 weeks old. Old mice: 72 weeks old. Very old mice: 96 weeks old. ∗P < 0 05; ∗∗P < 0 01; ∗∗∗P < 0 001.
ARTÍCULO 5
141
In addition, the strong relation to lifespan of GPx activity
during aging could be due to its ability to disarm hydrogen
peroxide, limiting its harmful eﬀects and therefore playing a
critical role against oxidative stress establishment. It could
also be related to its ability to inhibit degradation of the
inhibitory subunit α of nuclear factor-kappa b (NF-kB)
[18], and thus, decreasing NF-kB activation, this enzyme
could counteract inﬂammatory stress. In fact, in a previous































Figure 5: Pearson’s correlation coeﬃcient for each redox parameter and lifespan at each age. Adult mice: 40 weeks old. Mature mice: 56 weeks
old. Old mice: 72 weeks old. Very old mice: 96 weeks old. ∗P < 0 05; ∗∗P < 0 01; ∗∗∗P < 0 001.






























Figure 6: Pearson’s correlation coeﬃcient for each cytokine basal release and lifespan at each age. Adult mice: 40 weeks old. Mature mice:
56 weeks old. Old mice: 72 weeks old. Very old mice: 96 weeks old. ∗P < 0 05; ∗∗P < 0 01; ∗∗∗P < 0 001.
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harmful depending on the age at which they are carried
out, as previously suggested [14]. In agreement with the
results of the present study, overexpression of mitochon-
drial CAT in young mice was found to be detrimental,
whereas its overexpression in old mice had a positive
eﬀect [29]. Thus, it seems that ROS exhibit conventional
antagonistic pleiotropy explaining why stronger antioxi-
dant mechanisms have not evolved under natural selec-
tion of young animals in nature.
Finally, our study is the ﬁrst one to show the age-
associated changes, regarding function, redox and inﬂam-
matory parameters in immune cells, which a long-lived
individual experiences from adulthood to death. It has been
proposed that long-lived individuals have a slower or dece-
lerated aging rate [30], maintaining optimal cell functioning
through aging. Strikingly, the results from our study reveal
that long-lived subjects do not maintain optimal functioning,
redox, and inﬂammatory state of their leukocytes throughout
their aging. In fact, they also experience an age-associated
impairment when they are old, although slighter than the
one suﬀered by those who do not reach these advanced ages.
However, they are able to adapt and rearrange these para-
meters at the very old age, showing optimal levels when they
are long-lived. It seems that those individuals which show
more biological plasticity or adaptive homeostasis [31] by
restoring or even increasing cytotoxic NK activity and
macrophage functions, antioxidant enzyme activities (CAT,
GPx, and GR activities), and basal release of cytokines
(IL-6, IL-1β, IL-10, and TNF-α) at the very old age achieve
higher longevity. The most important limitation of the
work is the small sample size of mice that reached extreme
longevity, and therefore, the results of the present study
should be validated using a larger number of mice. In
addition, the observed relationships between these param-
eters and longevity should also be investigated in males,
given that female mice, in addition to having a longer life-
span than male mice, also display a diﬀerent immunity
and oxidative and inﬂammatory states, among other cha-
racteristics [32]. Therefore, it seems plausible that those
markers that are predictive of longevity in female mice
could be diﬀerent to those in males. Nevertheless, although
preliminary, the results of the present study provide a new
perspective on the use of function, redox, and inﬂamma-
tory parameters of immune cells as prognostic tools in
aging research and represent a novel benchmark for future
work aimed at prediction of lifespan. Moreover, given that
the function and oxidative stress of immune cells have
been shown to follow a similar pattern in humans and
mice [11, 12], strategies that are aimed at boosting the
NK cytotoxicity, macrophage functions, and antioxidant
enzyme activities as well as at controlling basal cytokine
release in elderly individuals could help in achieving
healthy aging for the general population.
Data Availability
The data used to support the ﬁndings of this study are
available from the corresponding author upon request.
study,?it?was?demonstrated?that?those?mice?which?reach?high?
longevity?had?a? low? level?of?basal?NF-kB?activation? [19].? In?
accordance?with? that,? it?was? found? in? the?present?study? that?
the?lower?the?release?of?the?proinﬂammatory?TNF-α?and?the?
higher? the? release? of? the? anti-inﬂammatory? IL-10? during?
aging,? the? greater? the? chance?of? achieving?higher? longevity.?
These? results? agree? with? a? previous? study? in? which? a? low?
basal? release? of? TNF-α? and? a? high? release? of? IL-10? were?
reported?in?extremely?long-lived?mice?[20]?and?with?another?
one? in? which? the? IL-10/TNF-α? ratio? was? proposed? as? a?
marker?of?longevity?in?mice?[21].
Furthermore,? another? striking? ﬁnding? of? our? study? is?
that? there? are? some? parameters?which?were?not? associated?
with? longevity? at? the? adult? age,? but? they? become? strong?
discriminant? parameters? for? reaching? extreme? longevity?
at? the? very? old? age.? This? is? the? case? for? the? natural? killer?
(NK)? cytotoxic? activity? and?CAT? and?GR? activities? as?well?
as? the? basal? release? of? IL-6? and? IL-1β.? This? fact? probably?
indicates? that? these?markers? reﬂect? some? underlying?me-
chanisms,?which? are?needed? to? reach?high? longevity.?With?
respect? to? NK? cytotoxicity? and? antioxidant? CAT? and? GR?
activities,? there? seems? to? be? a? “biological? purpose.”? The?
higher? the? NK? cytotoxic? activity? against? tumor? cells? and?
the? higher? the? decomposition? of? ROS? at? very? old? age,?
the? higher? the? possibility? of? becoming? long-lived.? How-
ever,?what? is? the? “biological?purpose”?of? an? increased? IL-6?
and?IL-1β?release?at?very?old?age?if?it?exacerbates?the?chronic?
inﬂammatory? stress?? One? potential? explanation? could? be?
that? the? age-related? increase? in?proinﬂammatory? cytokines?
is? delayed? in? long-lived? mice,? this? being? the? reason? why?
they? show? a? high? release? of? both? cytokines? at? very? old?
age.? Another? possibility? could? be? that? these? cytokines?
might? be? playing? an? essential? role? regulating? and? orches-
trating? other? cells? given? that? only? those? mice? which? are?
able? to? increase? their? basal? release? at? the? very? old? age?
are? the? ones? that? later? on? reach? high? longevity.? Ac-
cordingly,? recent? studies? have? unravelled? a? new? role? of?
IL-6? in? mediating? the? reprogramming? of? cells? associated?
with? senescence? [22],? which? could? reverse? the? age-








their? signiﬁcance? totally? changes,? the? higher? these? para-
meters? the? higher? the? lifespan? achieved.?Thus,? these? para-
meters?seem? to?exhibit?a?reverse?antagonistic?pleiotropy.? In?
fact,? there?are?some?other?examples?of?markers?whose?roles?
(early? antilongevity,? late? prolongevity)? also? change? during?
aging? such? as? the? systolic? blood? pressure? [23–26]? or? body?
mass? index? [27,? 28].? Therefore,? these? results? underscore?
the? necessity? to? take? into? account? the? age? of? the? indivi-
dual? when? investigating? the? predictive? power? of? a? given?
parameter? towards? longevity.? Moreover,? they? also? have?
important? practical? applications,? as? several? strategies?
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The identification of predictive markers of life span would help to unravel the underlying mechanisms influencing
ageing and longevity. For this aim, 30 variables including immune functions, inflammatory-oxidative stress state and
behavioral characteristics were investigated in ICR-CD1 female mice at the adult age (n=38). Mice were monitored
individually until they died and individual life spans were recorded. Multiple linear regression was carried out to
construct an Immunity model (adjusted R2=75.8%) comprising Macrophage chemotaxis and phagocytosis and
Lymphoproliferation capacity, a Redox model (adjusted R2=84.4%) involving Reduced Glutathione and
Malondialdehide concentrations and Glutathione Peroxidase activity and a Behavioral model (adjusted R2=79.8%)
comprising Internal Locomotion and Time spent in open arms indices. In addition, a Combined model (adjusted
R2=88.7%) combining the six predictor variables selected in the Immune and Redox models was also constructed.
The models were also cross-validated using two different sets of female mice (n=30; n=40). Correlation between
predicted and observed life span was 0.849 (P<0.000) for the Immunity model, 0.691 (P<0.000) for the Redox, 0.662
(P<0.000) for the Behavioral and 0.840 (P<0.000) for the Combined one. Thus, these results provide a new
perspective on the use of immune function, redox and behavioral markers as prognostic tools in ageing research.
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Abstract 
The identification of predictive markers of life span would help to unravel the underlying mechanisms 
influencing ageing and longevity. For this aim, 30 variables including immune functions, inflammatory-
oxidative stress state and behavioral characteristics were investigated in ICR-CD1 female mice at the adult 
age (n=38). Mice were monitored individually until they died and individual life spans were recorded. 
Multiple linear regression was carried out to construct an Immunity model (adjusted R2=75.8%) comprising 
Macrophage chemotaxis and phagocytosis and Lymphoproliferation capacity, a Redox model (adjusted 
R2=84.4%) involving Reduced Glutathione and Malondialdehide concentrations and Glutathione 
Peroxidase activity and a Behavioral model (adjusted R2=79.8%) comprising Internal Locomotion and 
Time spent in open arms indices. In addition, a Combined model (adjusted R2=88.7%) combining the six 
predictor variables selected in the Immune and Redox models was also constructed. The models were also 
cross-validated using two different sets of female mice (n=30; n=40). Correlation between predicted and 
observed life span was 0.849 (P<0.000) for the Immunity model, 0.691 (P<0.000) for the Redox, 0.662 
(P<0.000) for the Behavioral and 0.840 (P<0.000) for the Combined one. Thus, these results provide a new 
perspective on the use of immune function, redox and behavioral markers as prognostic tools in ageing 
research. 
Keywords: life span prediction, multiple linear regression, immune function, oxidative stress, 
anxiety-like behaviour. 
Introduction 
It is known that the pace of ageing and the 
expected life span varies among individuals of 
the same chronological age (Collier and 
Colleman, 1991). Individual trajectories of 
ageing depend on the genetic background, the 
environment and on interactions at the epigenetic 
level. As a consequence, the biological age is in 
part dissociated from the chronological age of an 
organism (Finkel et al. 1995). Construction of 
models for life span prediction is a fundamental 
challenge in ageing research given that it would 
provide a useful tool to study the effect that a 
given intervention has on the ageing rate of a 
subject, in less than his/her lifetime. Since life 
expectancy data are difficult to collect in humans 
due to their long life span, mice, which have a 
mean longevity of around two years, are more 
suitable for developing such models. In addition, 
the identification of markers that predict life span 
would help to disentangle the factors influencing 
ageing and longevity (Swindell et al. 2008). 
However, the question that remains is what type 
of parameters should be used for life span 
prediction. In mice, previous studies have 
identified early and mid-life markers that 
correlate with life span (such as low body weight, 
T-cell subsets, serum hormone levels, cataract
scores…) and models for life span prediction
have been constructed (Miller, 2001; Miller et al.
2002; Harper et al. 2003; Anisimov et al. 2004;
Harper et al. 2004). However, most of them have
been focused on phenotypic traits that are more
the result than the cause of the ageing process.
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Many theories have been proposed to explain 
ageing. Out of all of them, the oxidative-
inflammatory theory of ageing (De La Fuente 
and Miquel, 2009) links the age-related increase 
in oxidative stress (Harman, 1956; Barja, 2002) 
with the chronic low-grade inflammation, so-
called ‘‘inflamm-ageing” (Franceschi et al. 
2000), through the interplay of the immune 
system. Thus, the age-related increase in 
oxidative stress experienced by immune cells, 
impairs their adequate functioning and results in 
an increased release of pro-inflammatory 
mediators. Given that oxidation and 
inflammation are interlinked processes, there is a 
positive feedback loop between both processes 
resulting in the establishment of the age-related 
chronic oxidative and inflammatory stress 
situation. Accordingly, a relationship has been 
found between the immune function, the 
oxidative and inflammatory stress of immune 
cells and life span (De La Fuente and Miquel, 
2009; Martínez de Toda et al. 2016; Martínez de 
Toda et al. 2017; Martínez de Toda et al. 2019). 
However, it is still not known which of these 
parameters or which combination of them could 
be used in the construction of a mathematical 
model in order to predict life span.  
In the present study, we decided to focus on the 
adult, mid-life age for forecasting life span, 
which in our mice strain is 40 weeks and is 
equivalent to 40 years in humans. Previous 
studies have demonstrated that the inter-
individual differences in ageing trajectories can 
already be quantified at the adult age both in 
humans (Rockwood et al. 2011; Belsky et al. 
2015) and in mice (Whitehead et al. 2014; 
Rockwood et al. 2017; Antoch et al. 2017). In 
addition, the sooner an accelerated ageing rate is 
detected, the earlier lifestyle strategies can be 
implemented to slow it down. 
In relation to this, several conditions have been 
described to cause an accelerated ageing, among 
them an inadequate response to stress or an 
anxiety-like behaviour (Perna et al. 2015; De La 
Fuente, 2018). Accordingly, it has been 
demonstrated that mice with chronic 
hyperreactivity to stress show a premature 
immunosenescence, a premature frail status and 
they have a shorter life span (Viveros et al. 2002; 
Martínez de Toda et al. 2016; Martínez de Toda 
et al. 2018). Several behavioural tests are used to 
assess anxiety levels in mice, the most used being 
the elevated plus maze (EPM) (Walf and Frye, 
2007) and the hole-board (HB) (Brown and 
Nemes, 2008) tests. However, it is not known 
which of the behavioural indices derived from 
these tests, if any, can be used to forecast the life 
span of a given mouse. Thus, we also decided to 
investigate the potential predictive power of the 
behavioural indices of adult mice exposed to the 
hole-board (HB) test and the elevated plus maze 
(EPM) test towards life span. 
Therefore, several immune function 
(macrophage chemotaxis and phagocytosis, 
natural killer activity, lymphocyte chemotaxis 
and proliferation), inflammatory (basal release of 
IL-6, IL-1β, TNF-α and IL-10) and redox 
parameters (catalase, glutathione peroxidase, 
glutathione reductase activities, reduced and 
oxidized glutathione, superoxide anion and 
malondialdehyde concentrations) as well as 
behavioural responses to the HB and EPM tests, 
were investigated in a set of 38 female mice at 
the adult age (40 weeks-old). Mice were 
monitored individually along the ageing process 
and individual life spans were recorded. 
Therefore, it was possible to construct one model 
based on immune functionality and inflammatory 
mediators, other based on redox parameters, 
another based on behavioural indices and a fourth 
one by combining redox and immune parameters 
using multiple linear regression (MLR). In 
addition, models were cross-validated in 
different sets of female mice. This approach, 
allowed us firstly to discover the parameters most 
implicated in longevity; secondly, to assess 
which cohort of parameters (if immune function, 
redox or behavioural) is most relevant for life 
span prediction and thirdly, which model has a 
higher reproducibility by verifying their 
predictive power in different sets of female mice. 
Material and methods 
Experimental animals and extraction of 
peritoneal leukocytes. 40 female outbred 
ICR/CD-1 ex-reproductive mice (Mus musculus) 
were acquired from Janvier Labs (Germany) 
when they were 32±4 weeks old. Behavorial tests 
described below and collection of peritoneal cell 
suspensions were performed at the adult age of 
40±4 weeks; following a previous described 
method (Martínez de Toda et al. 2016). The 
measurement of markers was performed using 
unfractionated peritoneal leukocytes to better 
reproduce the in vivo situation. Animals were 
monitored individually along the ageing process 
and each individual achieved life span was 
recorded. Life span varied from 45 to 136 weeks. 
Mean life span was 74±4 weeks. Another set of 
mice (30 outbred ICR/CD-1 ex-reproductive 
female mice) was used for validation of the 
Immunity and Redox model. Same immune and 
redox parameters were measured at the adult age 
of 40±4 weeks and individual life span 
monitored. In this set of mice life span varied 
from 50 to 128 weeks. Mean life span was 93±3 
weeks. Another set of mice (40 outbred ICR/CD-
1 ex-reproductive female mice) was used for 
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validation of the Behavioural model. Same 
behavioural indices were also measured at the 
adult age of 40±4 weeks and individual life span 
monitored. In this set of mice life span varied 
from 40 to 130 weeks. Mean life span was 81±4 
weeks. Female mice were used for this study 
because male mice show aggressive and 
dominant behaviour when caged together and it 
has been shown that social isolation causes 
alterations in the neuroimmunoendocrine 
communication (Cruces et al. 2014). 
Analysis of immune function and 
inflammatory parameters 
Chemotaxis. Cell suspensions were adjusted to 
0.5 x 106 cells (macrophages or lymphocytes)/ml 
in Hank's medium and placed into a Boyden 
chamber. The number of cells that migrated 
towards formyl-Met-Leu-Phe were counted and 
expressed as Chemotaxis Index, as previously 
described (Martínez de Toda et al. 2016). 
Phagocytosis. Cell suspensions were adjusted to 
0.5 x 106 macrophages/ml in Hank´s medium and 
placed into migration inhibition factor (MIF) 
plates for 30 min. After washing, latex beads 
were added into the plates and the number of 
latex beads phagocyted by 100 macrophages 
were counted and expressed as Phagocytic Index, 
as previously described (Martínez de Toda et al. 
2016). 
Natural killer cytotoxicity. Cell suspensions 
were adjusted to 106 total cells/ml in RPMI 1640 
medium and placed into 96-well plates. Murine 
YAC-1 lymphoma cells were added into wells 
and Natural killer activity was assessed by 
quantifying released lactate dehydrogenase into 
the medium (Cytotox 96 TM Promega, 
Germany). The results were expressed as the 
percentage of tumor cells killed (% lysis), as 
previously described (Martínez de Toda et al. 
2016). 
Lymphoproliferative capacity. Cell 
suspensions were adjusted to 0.5 x 106 cells 
lymphocytes/ml in RPMI 1640 medium 
supplemented with fetal bovine serum (FBS) and 
placed into 96-well plates. The mitogen 
concanavaline A (Con A) or complete medium 
were added into wells and incubated for 48h. 
Then 3H-thymidine was also added and 
incubated for 24h. 3H-thymidine uptake was 
quantified in a beta counter both in basal and 
stimulated conditions and results are expressed 
as lymphoproliferation capacity (%) being 100% 
the counts per minute (cpm) in basal conditions, 
as previously described (Martínez de Toda et al. 
2016). 
Cytokine measurement. After incubation of 
peritoneal immune cells during 48 hours in the 
absence of any mitogen (basal conditions), 
supernatants were collected. Basal release of IL-
1β, IL-6, TNF-α and IL-10 was measured 
simultaneously in those supernatants by 
multiplex luminometry (Beadlyte mouse 
multiplex cytokine detection system, 
MHYSTOMAG-70K, Upstate, Millipore). 
Determination of oxidative stress parameters 
Catalase activity. Cell suspensions were 
adjusted to 106 total cells/ml in Hank´s medium, 
centrifuged and cell pellets resuspended in 
oxygen-free phosphate buffer 50 mM. Then, they 
were sonicated and supernatants were used for 
the enzymatic reaction together with 14mM 
H2O2 as substrate. Decomposition of H2O2 was 
measured at 240 nm as previously described 
(Martínez de Toda et al. 2019). The results were 
expressed as units (U) of catalase activity/mg 
protein. 
Glutathione peroxidase activity. Cell 
suspensions were adjusted to 106 total cells/ml in 
Hank´s medium, centrifuged and cell pellets 
resuspended in oxygen-free phosphate buffer 50 
mM. Then, they were sonicated and supernatants 
were used for the enzymatic reaction together 
with cumene hydroperoxide as a substrate 
(cumene-OOH) as previously described 
(Martínez de Toda et al. 2019). Oxidation of 
NADPH was measured at 340 nm. The results 
were expressed as units (U) of glutathione 
peroxidase activity/mg protein. 
Glutathione reductase activity. Cell 
suspensions were adjusted to 106 total cells/ml in 
Hank´s medium, centrifuged and cell pellets 
resuspended in oxygen-free phosphate buffer 50 
mM EDTA 6.3 mM. Then, they were sonicated 
and supernatants were used for the enzymatic 
reaction together with GSSG 80 mM as substrate. 
Oxidation of NADPH was measured at 340 nm, 
as previously described (Martínez de Toda et al. 
2019). The results were expressed as units (U) of 
glutathione reductase activity/mg protein. 
Glutathione concentration. Cell suspensions 
were adjusted to 106 total cells/ml in Hank´s 
medium, centrifuged and cell pellets resuspended 
in phosphate buffer 50 mM EDTA 0.1M pH 8. 
Then, they were sonicated and supernatants were 
used for the quantification of both reduced 
(GSH) and oxidized (GSSG) glutathione by the 
reaction capacity that GSSG and GSH have with 
o-phthalaldehyde (OPT) at pH 12 and pH 8,
respectively, resulting in the formation of a
fluorescent compound. Fluorescence was
measured at 350 nm excitation and 420 nm
emission, as previously described (Martínez de
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Toda et al. 2019). Results were expressed as 
nmol of GSSG and GSH per milligram of 
protein. Moreover, the GSSG/GSH ratio was 
calculated for each sample. 
Intracellular superoxide anion concentration. 
Cell suspensions were adjusted to 106 
macrophages/ml in Hank´s medium and mixed 
with NBT (1mg/ml). After 60 min incubation the 
reaction was stopped with HCl 0.5M, samples 
were centrifuged and supernatants discarded. 
Intracellularly reduced NBT was extracted with 
dioxan and absorbance was measured at 525 nm, 
as previously described (Martínez de Toda et al. 
2019). Results were expressed as nmol 
superoxide anion/106 macrophages. 
Malondialdehyde concentration. 
Determination of malondialdehyde (MDA) 
concentration was evaluated using the 
commercial kit “Lipid peroxidation (MDA) 
Assay Kit” (Biovision, CA, USA). Cell 
suspensions were adjusted to 106 total cells/ml in 
Hank´s medium, centrifuged and cell pellets 
resuspended in MDA lysis buffer containing 
BHT. Then, they were sonicated and 
supernatants were incubated with thiobarbituric 
acid (TBA) for 60 min in a water bath at 95ºC. 
Then, samples were centrifuged, supernatants 
collected and dispensed into 96-well plates for 
spectrophotometric measurement at 532 nm, as 
previously described (Martínez de Toda et al. 
2019). Results were expressed as nmol MDA/mg 
protein. 
Exploratory and anxiety-like behavioural 
tests 
Holeboard test. Behaviour of the mouse was 
recorded for 5 min and the calculated behavioural 
indices were: total locomotion (total number of 
squares that the animal crosses), internal 
locomotion (total number of internal squares that 
the animal crosses), external locomotion (total 
number of external squares that the animal 
crosses), percentage of internal locomotion (total 
number of internal squares that the animal 
crosses divided by total locomotion), percentage 
of external locomotion (total number of external 
squares that the animal crosses divided by total 
locomotion). All these parameters reflect the 
horizontal activity of the animal. For vertical 
activity parameters, total number of rearing and 
time (in seconds) of each rearing were analysed. 
Furthermore, the total number of head-dipping 
and the time (in seconds) of each head-dipping 
were evaluated as ‘‘goal-directed behaviour”. 
Finally, grooming and freezing behaviours 
(number and duration, in seconds) were also 
recorded. 
Elevated plus maze. Mice were individually 
placed on the central platform facing an enclosed 
arm and were allowed to freely explore the maze 
for 5 min. Calculated parameters were: time 
spent in open arms, time spent in closed arms, 
time spent in central platform, number of entries 
(four paws criteria) in open arms, closed arms 
and central platform. The total number of 
grooming was also recorded.   
Statistical Analysis. The power to predict 
remaining life span of immune, redox and 
behavioural parameters recorded at 40 weeks of 
age was investigated by multiple linear 
regression (MLR). Recorded life span was used 
as a dependent variable and all other variables 
were used as predictor variables. The step-wise 
forward method procedure for generation of the 
model was chosen. It first selects the predictor 
variable that explains the dependent variable the 
most, then the next one and so on. The threshold 
criteria for variable selection into the model 
construction was P < 0.05. Generation of models 
was performed using SPSS 21.0 and Statgraphics 
Centurion XVIII. Four models were generated, 
one for immune function and inflammatory 
parameters called “the Immunity model”, 
another one for redox parameters called “the 
Redox model”, a third one based on behavioural 
indices called “the Behavioural model” and a 
“Combined model” including both immune and 
redox variables. For each adjusted model, the 
normality of residuals, the constant variability of 
residuals (homoscedasticity) and the 
independence of residuals were checked, in order 
to verify the Gauss-Markov hypothesis, through 
the corresponding graphic and analytical 
analysis. In addition, for validation and cross-
validation of the models, Pearson´s correlation 
coefficients were calculated between the 
observed and predicted life span in different sets 




All the investigated parameters were grouped 
into three sets, the first one including immune 
function and inflammatory mediators, the second 
one involving redox parameters and the third one 
comprising behavioural parameters (Table 1). 
Then, multiple linear regression was performed 
separately on each of the three sets of parameters, 
designating life span as a dependant variable and 
the respective parameters as predictor variables. 
Model construction was carried out by using the 
step-wise forward approach for variable 
selection. We will refer to the Immunity model 
as the one based on immune function and 
inflammatory parameters; to the Redox model as 
the one based on antioxidant and oxidant 
parameters and to the Behavioural model to the 
one based on the behavioural indices. 
Model construction of the Immunity model is 
shown in Table 2. The first variable selected 
(macrophage chemotaxis) accounts for almost 
50% of the variance in life span. When 
introducing the second one (macrophage 
phagocytosis) the explained variance increased 
up to almost 70%, and when the third one was 
added (lymphoproliferation capacity) the 
explained variance increased to 76%.  
Table 1. Set of variables used for model construction. 
Table 2. Immunity Model construction through step-wise forward method. Predicted remaining life 
span = ?̂?0 + ?̂?1 x Macrophage chemotaxis + ?̂?2 x Macrophage phagocytosis + ?̂?3 x 
Lymphoproliferation. Each value shows the estimated coefficient and the standard error for each 
coefficient is shown in brackets. *: P < 0.05; **: P < 0.01; ***: P < 0.001. 
Natural Killer activity Catalase activity Time in open arms
Macrophage chemotaxis Glutathione peroxidase activity Entries in open arms
Macrophage phagocytosis Glutathione reductase activity Time in closed arms
Lymphocyte chemotaxis Reduced glutathione (GSH) Entries in closed arms
Lymphoproliferation capacity Xanthina oxidase activity Time in the central platform
Basal release of IL-10 Anion superoxide concentration Entries in the central platform
Basal release of IL-1β Malondialdehyde concentration
Basal release of IL-6 Oxidized glutathione (GSSG) Total, internal and external locomotion
Basal release of TNF-α Ratio GSSG/GSH Percentage of internal and external locomotion/total
Number and time of "rearings"
Number and time of "groomings"
Number and time of "head-dipping"
Number and time of "freezing"
Hole board (HB) 
test
Immune function and 
inflammatory parameters
Redox parameters Behavioral parameters
Elevated plus 
maze (EPM) test
Model 1 Model 2 Model 3
69.7% 75.8%
Constant (   0) 22.023 (8.963) 1.171 (8.143) -0.071 (7.295)
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The steps for the Redox model construction are 
shown in Table 3. The first selected variable 
(GSH concentration) explains 65% of the life 
span achieved. When introducing the next one 
(MDA concentration) the explained variance 
increased to almost 79%, and when the third one 
was added (glutathione peroxidase activity) the 
explained variance increased to 84%. The 
construction of the Behavioural model is shown 
in Table 4. The first chosen variable (internal 
locomotion in the hole board test) accounts for 
62% of the variance. When introducing the 
second one (time spent in open arms in the 
elevated plus maze test) the explained variance 
increased to almost 80%. A third variable was not 
introduced given that none of the other variables 
fulfilled the P < 0.05 criteria.  
Table 3. Redox Model construction through step-wise forward method. Predicted remaining life span 
= ?̂?0 + ?̂?1 x GSH + ?̂?2 x MDA + ?̂?3 x Glutathione Peroxidase. Each value shows the estimated coefficient 
and the standard error for each coefficient is shown in brackets. *: P < 0.05; **: P < 0.01; ***: P < 0.001. 
Table 4. Behavioral Model construction through step-wise forward method. Predicted remaining life 
span = ?̂?0 + ?̂?1 x Internal Locomotion + ?̂?2 x Time spent in open arms. Each value shows the estimated 
coefficient and the standard error for each coefficient is shown in brackets. *: P < 0.05; **: P < 0.01; ***: 
P < 0.001. 
Model 1 Model 2 Model 3
86.0%
84.4%65.0% 78.8% Adjusted R2 
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Model 1 Model 2
Time spent in OA (   2)
R2 
 Adjusted R2 
Constant (   0)
Internal Locomotion (   1)














Furthermore, an additional model was built, 
including all the selected variables for the 
Immune and the Redox models. All variables 
included fulfilled the P < 0.05 criteria and the 
explained variance of this model was almost 89% 
(Table 5). In order to ascertain the individual 
contribution of each variable in the different 
adjusted models, the standardized beta values 
were calculated for each variable within each 
model and shown in Figure 1. Standardization of 
the coefficient is usually used to answer the 
question about which of the independent 
variables have a greater effect on the dependent 
variable in a multiple regression analysis, when 
the variables are measured in different units of 
measurement, as it is the case of the variables 
used in this study. 
Table 5. Combined Model including the previously selected variables from the Immune and the 
Redox models. Predicted remaining life span = ?̂?0 + ?̂?1 x GSH + ?̂?2 x MDA + ?̂?3 x Macrophage 
Phagocytosis + ?̂?4 x Glutathione Peroxidase + ?̂?5 x Lymphoproliferation + ?̂?6 x Macrophage 
Chemotaxis. Each value shows the estimated coefficient and the standard error for each coefficient is 
shown in brackets. *: P < 0.05; **: P < 0.01; ***: P < 0.001. 
Figure 1. Relative contribution of each variable towards life span prediction in A) Immunity Model; 
B) Redox Model; C) Behavioral Model; D) Combined Model. The contribution of each variable is
expressed as its standardized beta coefficient.
 Combined Model 
-5.150 ** (1.621)
0.020 * (0.008)
Constant (   0)
GSH (   1)
MDA (   2)
Macrophage Phagocytosis (   3)
37.196 (10.434)
2.006 *** (0.518)
GPx (   4)
Lymphoproliferation (   5)

















After model construction, Pearson´s correlation 
coefficients were calculated between observed 
and predicted life span using the data from the 
mice that were used for model development 
(Figure 2).  Pearson´s correlation coefficient for 
the Immunity Model was 0.883, for the Redox 
Model was 0.923, for the Behavioural Model was 
0.899 and for the Combined Model 0.951 (P = 
0.000000 in all cases). 
Next step was to validate their predictive power 
in a different set of ICR/CD-1 female mice. The 
Immunity, Redox and Combined models were 
validated in one set of 30 mice whereas the 
Behavioural model was validated in another set 
of 40 mice (Figure 3). For the Immunity model, 
Pearson´s correlation coefficient obtained 
between predicted and observed life span was 
0.849 (P = 0.000000), (n=30). For the Redox 
model, Pearson´s correlation coefficient obtained 
between predicted and observed life span was 
0.691 (P = 0.000024), (n=30). For the 
Behavioural model Pearson´s correlation 
coefficient obtained between predicted and 
observed life span was 0.662 (P = 0.000006), 
(n=40) and for the Combined model, Pearson´s 
correlation coefficient between predicted and 
observed life span was 0.840 (P = 0.000000) 
(n=30). 
Discussion 
Models that predict individual life span can 
provide a valuable tool for ageing research and 
the development of such models represents a 
platform for understanding the mechanisms that 
influence longevity. Full-length survivorship 
experiments require many years to be 
accomplished and consequently they are a rate-
limiting step in the study of mammalian ageing. 
Therefore, well-developed and validated 
predictive models can generate preliminary data 
years in advance, and the output of such models, 
as an integration of multiple variables that may 
predict life span individually, can provide a 
surrogate target for ageing research that is easier 
to evaluate than life span (Swindell et al. 2008). 
Figure 2. Validation of A) Immunity model, B) Redox model, C) Behavioral model, D) Combined 
model in the same set of mice used for model construction (N=38). The narrowest lines indicate the 




In previous studies, different variables have been 
shown to correlate with longevity such as tight 
wire clinging ability, open field activity, collagen 
denaturation rate, hair regrowth, wound healing 
and blood haemoglobin concentration in certain 
mouse genotypes (Harrison and Archer, 1998). 
The most important step when developing 
predictive models is the variable selection 
criteria. Chosen variables should be known to be 
related to the ageing process but also should be 
implicated in it. Many biomarkers that are 
moderately correlated with age may be totally 
irrelevant to ageing. For example, degree of 
baldness increases with age especially in men, 
but men who grow bald early do not necessarily 
show signs of accelerated ageing nor is baldness 
a risk factor for early death (Hochschild, 1989). 
In the present study, we decided to focus on 
immune functionality, inflammatory and redox 
parameters of immune cells due to several 
reasons. First, the immune system has been 
proposed to be a marker and modulator of the rate 
of ageing (De La Fuente and Miquel, 2009; 
Martínez de Toda et al. 2016). Therefore, the 
appearance of age-related changes in those 
parameters at the adult age was hypothesized as 
influencing final achieved life span. In addition, 
the age-related changes regarding functional and 
redox state of immune cells have been shown to 
follow the same pattern in both humans and mice 
(Martínez de Toda et al. 2016; Martínez de Toda 
et al. 2019), and therefore, the results would have 
the potential to be extrapolated to humans. In 
addition, anxiety-like behaviours were also 
evaluated at the adult age given that they have 
been associated with an acceleration of the 
ageing rate (Perna et al. 2015). 
The second most important step when 
developing a life span predictive model is the 
election of an appropriate approach to do so. In 
the present study, the multiple linear regression 
method was chosen. The advantage of this 
approach is the strong statistical foundation of 
least-square regression procedures, which allows 
for robust statistical inferences when parametric 
assumptions are satisfied (Swindell et al. 2008). 
The main disadvantage, however, is that complex 
and non-linear relationships may not be 
adequately captured by linear regression models 
(Neter et al. 1996). However, for most of the 
variables investigated in the present study, there 
was a linear relationship between them and life 
span allowing us to choose this procedure.  
Figure 3. Cross-validation of A) Immunity model, B) Redox model and D) Combined model in 
another set of 30 female mice, and C) Behavioral model in a different set of 40 female mice. The 
narrowest lines indicate the mean confidence interval and the wider lines indicate the individual confidence 
interval with a 95% confidence. 
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In the Immunity model, the two most important 
variables selected were macrophage chemotaxis 
and phagocytosis. The fact that both macrophage 
functions predict almost 70% of final achieved 
life span agrees with the hypothesis of 
phagocytes being the main cell type responsible 
for the chronic oxidative and inflammatory stress 
associated with immunosenescence, and 
therefore, responsible for the ageing rate of a 
subject, as it has been previously suggested (Vida 
et al. 2017a; Vida et al. 2017b). Selection of the 
third variable, the proliferative capacity of 
lymphocytes, also agrees with previous studies in 
which this marker has been used to ascertain the 
Immune Risk Profile in humans, which relates to 
mortality (De La Rosa et al. 2006). 
With respect to the Redox model, GSH and MDA 
concentrations were found to be predictive of 
almost 80% of the final achieved life span. It is 
known that immune cells are among the cell 
types in which an optimal redox balance is most 
critical for proper functioning, given that they 
need to constantly produce oxidant and pro-
inflammatory compounds in order to exert their 
defensive function against inner and foreign 
insults (De La Fuente and Miquel, 2009). Thus, 
it is understandable to think that the higher the 
GSH concentration and the higher Glutathione 
Peroxidase activity in immune cells together with 
the lower one of MDA, the better the redox 
balance of these cells, and therefore their 
function. In fact, GSH has been shown to be 
essential for proper immune cell functioning 
given that even a moderate depletion of GSH has 
been shown to impair several leukocyte functions 
(Dröge and Breitkreutz, 2000). MDA, which is 
an end-product of reactive oxygen species 
(ROS)-induced peroxidation and therefore, is 
used as a marker of oxidative stress has also been 
shown to play an active role by inducing the 
cross-links in proteins and forming irreversible 
advanced glycated end-products (AGEs) 
(Esterbauer et al. 1990). These AGEs increase 
the expression of the membrane anchored 
receptor for AGEs and activate nuclear factor 
kappa B (NF-κB) inducing the production of a 
variety of pro-inflammatory cytokines, including 
IL-6 and TNF-α (Cai et al. 2018). In addition, 
glutathione peroxidase activity is known to 
disarm hydrogen peroxide, limiting its harmful 
effects and therefore playing a critical role 
against oxidative stress establishment. However, 
it has also been demonstrated that it can inhibit 
degradation of the inhibitory subunit α of nuclear 
factor-kappa B (NF-kB) (Li et al. 2000), thus its 
activity would maintain NF-kB repressed, also 
playing an essential role against the 
establishment of a chronic inflammatory stress.  
In the Behavioural model, both the variables that 
correlated the most with life span, explaining 
80% of the variance, were inner locomotion and 
time spent in open arms. Because mice have a 
natural aversion to the brightly lit centre of an 
open field, exploration of the inner space in the 
hole board test as well as exploration of an open 
arm in the elevated plus maze test are indicators 
of an anti-anxiety like behaviour (Crawley, 2000; 
Kassed and Herkenham, 2004). This draws the 
conclusion that the less anxiety-like behaviour a 
mouse shows at the adult age, the longer it lives. 
These results agree with a previous study in 
which behavioural indices in old males were used 
for life span prediction, and the variables that 
positively correlated the most with remaining life 
span were distance in open field and number of 
entries in open arms (Fahlström et al. 2012).  
The next step was to develop another model, 
which would take into account more than one 
dimension for life span prediction. Therefore, we 
decided to focus on the selected variables from 
the Immunity and the Redox models to construct 
the Combined model. These variables were 
prioritized over the Behavioural ones in order to 
develop a model with potential to be extrapolated 
to humans. According to this, it has been 
previously demonstrated that the age-related 
changes in immune and redox parameters follow 
a similar pattern in humans and mice (Martínez 
de Toda et al. 2016; Martínez de Toda et al. 
2019). Moreover, and despite the fact that 
anxiety traits have also been linked to an 
accelerated ageing in humans (De La Fuente, 
2018), the behavioural tests performed in the 
present study in mice cannot be directly 
translated to humans. Thus, the Combined model 
including Macrophage Phagocytosis and 
Chemotaxis, Lymphoproliferation capacity, 
GSH, MDA and GPx activity was found to 
explain almost 90% of the total variance.  
Even though the potential value of constructed 
models that accurately predict life span is 
substantial and efforts directed towards 
formulating such models will advance our 
understanding of the factors regulating longevity, 
the most important step is to evaluate how 
accurately mouse life span is predicted when 
models are applied to a new set of animals which 
have not been used for model construction. 
Accordingly, the reproducibility of each of the 
four different models constructed (Immunity, 
Redox, Behavioural and Combined models) was 
verified using a different set of mice. This 
provides an assessment of model reproducibility, 
which is of great importance for determining the 
usefulness of models in practical contexts (Duda 
et al. 2001). Thus, the four models were shown 
to be useful for life span prediction in a different 
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set of mice and the more robust ones were the 
Immune and the Combined models. It is 
important to highlight that the mice used for the 
present study are outbred, which means that they 
are much more heterogeneous within themselves 
than other strains more commonly used such as 
C57/BL6. Therefore, and even though the 
proposed models should be investigated in larger 
samples, including males as well as in other 
strains, the selected variables arise as strong 
determinants of longevity in mice. Altogether, 
the results shown in here highlight the 
importance of an appropriate immune function 
and redox state of immune cells as well as a non-
anxiety like behaviour for a high longevity and 
provide a novel benchmark for future work 
aimed at prediction of life span. 
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Abstract
The development of frailty scores suitable for mice and which resemble those used in the clinical scenario is of great importance to understand 
human frailty. The aim of the study was to determine an individual frailty score for each mouse at different ages and analyze the association 
between the frailty score and its lifespan. For this purpose, the “Valencia Score” for frailty was used. Thus, a longitudinal study in mice was 
performed analyzing weight loss, running time and speed, grip strength and motor coordination at the late-adult, mature and old ages (40, 
56 and 80 weeks old, respectively). These parameters are equivalent to unintentional weight loss, poor endurance, slowness, weakness, and 
low activity level, respectively, in humans. A cut-off point was used to identify frail mice for each criterion. All the measurements were also 
performed on chronologically adult prematurely aging mice. The results show that by using the “Valencia Score” for frailty a prematurely 
aged phenotype can be identified even during the adulthood of animals. This opens up the possibility of carrying out preventive long-term 
interventions. Moreover, the individual frailty score of a given mouse at the late-adult, mature and old ages is shown to be a relevant predictor 
of its lifespan.
Keywords: Rate of aging, Longevity, Experimental models
In the last decades, the aim of health care has switched from trying to 
live longer, to experiencing healthy aging. This is due to the current 
higher life expectancy being accompanied by an increase in disabil-
ity rates and consequently, the lack of independence, autonomy, and 
well-being (1). Disability is often preceded by a state characterized 
by a diminished ability to respond to different stressors, which has 
been termed as frailty. In this regard, the current goal of improving 
healthy life expectancy is to act before disability arises by preventing 
or delaying the onset of frailty (2).
Thus, frailty is a clinical geriatric syndrome defined by a dimin-
ished ability to restore homeostasis after any physical or men-
tal damage, especially due to the absence of regulation of several 
physiological systems. The consequence of this being that when one 
individual faces minor stress situations, it results in outcomes like 
hospitalization, disability, and finally, death (3–7). Another important 
characteristic of frailty is that it is reversible, that is, it can be treated 
and even prevented. This is the reason why it has become necessary 
to determine which subjects are “frail” in the clinical scenario. In 
humans, there is a wide number of different scales to quantify frailty 
with different degrees of difficulty and clinical applicability (8). The 
two most commonly used ones in the clinical scenario are the pheno-
type frailty score and the frailty index (FI) based on deficit accumula-
tion. The phenotype frailty score, developed by Fried and colleagues 
(3), takes into account five criteria: unintentional weight loss, slow 
walking speed, self-reported exhaustion, weakness and low physical 
activity. Individuals which meet three or more of these five criteria 
are classified as frail, individuals that meet one or two are classified 
as prefrail and those individuals with none are categorized as robust 
(3). In contrast, the FI, based on deficit accumulation, counts the 
number of potential health deficits of an individual and divides them 
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by the total number of items measured (9). Another difference is that 
in the deficit accumulation approach, the reference values used are 
those of an adult, whereas in the phenotype frailty score, the refer-
ence values of the criteria are those corresponding to the age group 
studied.
The development of frailty scores suitable for mice and which 
resemble those that are used in the clinical scenario has become an 
essential challenge in basic gerontological research (10), given that 
these would be useful tools to assess the effect of a given intervention 
in mice before translating it to humans. Thus, some frailty scores 
have been developed for the quantification of frailty in mice. Most 
of them have followed the deficit accumulation approach (9), by 
counting the presence or absence of a different set of deficits in mice 
(11–15). Following Fried’s phenotype frailty score (3), a frailty score 
has also been developed for the measurement of frailty in mice. It 
was first proposed by Liu and colleagues (16) and further developed 
by Gómez-Cabrera and colleagues (17). This last frailty score, which 
has been named the “Valencia Score” (17), adapts the same crite-
ria to mice that are taken into account in humans (unintentional 
weight loss, endurance, slowness, weakness, and low activity level). 
Thus, weight loss, running time and speed, grip strength, and motor 
coordination were measured in mice. As it takes into account cri-
teria that are closely related to the clinically accepted frailty score 
and it is simple to use; it may facilitate frailty research in animal 
models. Moreover, the results would have the potential to translate 
to clinical settings. Although some of the above-mentioned frailty 
indices, based on the deficit accumulation approach (14,15), have 
been shown to be predictive of mortality in mice, it is still not known 
if the “Valencia Score” would also be able to make this prediction.
Most of the research performed on frailty has been focused on 
elderly people or mice. However, it is known that the age-related 
deterioration of the physiological systems does not occur at the 
same rate in all the individuals of a population with the same 
chronological age (18). Thus, subjects with the same chronological 
age can show large differences regarding health status and func-
tional capacity and these interindividual differences can already be 
quantified at the adult age. This has been recently shown both in 
humans (19,20) and in mice (12,14,15). Even though some inter-
ventions initiated at the old age have been shown to be beneficial 
in decreasing the frailty status (13,17), the identification of frail 
individuals at the adult age would enable earlier interventions, 
which potentially could show more beneficial effects. However, 
in the “Valencia Score” for frailty, only 17 months old mice and 
older were studied (17) and it is still not known if it can be used 
to detect differences in the frailty status within younger mice. In 
agreement with the heterogeneity of the aging process, previous 
studies from our group have proposed a natural murine model of 
premature aging based on an inappropriate reactivity to stress. 
Thus, when mice are submitted to a simple T-maze test, those that 
need more time to explore it are classified as prematurely aging 
mice (PAM), whereas those that show an exceptional response to 
the maze, needing less time to explore it, are classified as excep-
tional non-PAM (E-NPAM). In addition, those mice that show an 
intermediate behavior, which constitute around 80 per cent of the 
population, are classified as regular non-PAM (R-NPAM). So far, 
it has been demonstrated that these PAM at the adult age show 
premature immunosenescence (21,22), an altered neurochemistry 
(23), higher anxiety-like behaviour (21,24), skeletal alterations 
(25), higher oxidative stress levels (21,26), and a shorter lifespan 
(27,28), compared with their counterpart E-NPAM of the same sex 
and chronological age (reviewed in Refs. 29 and 30).
Hence, the first objective of the present work was to validate the 
“Valencia Score” in another sex and strain of mice (outbred female 
ICR-CD1) not previously studied, using a longitudinal study. Thus, a 
group-frailty score for each age (late-adult, mature, and old) was calcu-
lated. A group-frailty score was also calculated for E-NPAM and PAM 
at the late-adult age. The second objective was to determine an individ-
ual frailty score for each mouse at the late-adult, mature, and old ages 
(using as cut-off values the corresponding performance at each age) 
throughout a longitudinal study as well as to analyze the association 
between the frailty score of each mouse at a given age and its respective 
lifespan. For the longitudinal study, only R-NPAM were used.
Materials and Methods
Experimental Animals
Female ICR/CD1 ex-reproductive mice (Mus musculus) of 32 ± 4 
weeks were purchased from Janvier Labs (Germany) and placed 
in the Animal Facility at the Faculty of Biology (Universidad 
Complutense de Madrid, UCM). Mice were housed at 4–5 per cage. 
The average temperature in the Animal Facility was 22 ± 2°C, rel-
ative humidity was 60 per cent, and a 12/12 hour reversed light/
dark cycle (lights on at 20:00h) was maintained to avoid circadian 
interferences. Mice were checked daily. Water and standard pellets 
(Panlab, Spain) were available ad libitum.
Classification of mice into E-NPAM, R-NPAM, and PAM using 
a T-maze test
After 1 week of acclimatization following the arrival of late-adult 
female ICR/CD1 mice (33 ± 4 weeks), the classification of these ani-
mals into PAM and NPAM was carried out. Previous experience in 
our laboratory has shown that 15 ± 5% of mice purchased behave as 
PAM and another 15 ± 5% behave as E-NPAM. Thus, 80 mice were 
submitted to the T-maze test in order to obtain enough mice from 
each type. The T-shaped maze is composed of three wooden arms 
(each 10 cm wide, 25 cm long, and 10 cm high) covered with black 
methacrylate. The floor consists of cylindrical aluminum rods that are 
3 mm thick and arranged perpendicularly on the side walls. The test 
was carried out by holding the mouse by its tail and positioning it 
inside the base of the “T” with its head facing the end wall. Then, the 
time that each mouse took to cross the intersection of the “T” with 
both hind legs was measured. This test was performed once per week 
for a month, to distinguish PAM (which needed more than 10 seconds 
to cross the intersection at each test the four times) from the NPAM, 
as described previously (27,28). Depending on the behavior of NPAM, 
they were divided into E-NPAM (that required less than 10 seconds to 
cross the intersection at each test the four times) and R-NPAM (those 
that show an intermediate behavior spending less than 10 seconds 
sometimes and others more than 10 seconds). This test was always 
carried out under red light and between 09:00 and 11:00 hours in 
order to avoid circadian variations. Out of the 80 mice, 60 behaved as 
R-NPAM (75%), 10 as E-NPAM (12.5%), and 10 as PAM (12.5%).
Not all mice were used for the study, only the following groups.
One group of R-NPAM (n = 10) was used for the determination 
of the reference values for the “Valencia Score” at three different 
ages (40, 56, and 80 weeks, respectively). Another group of animals 
(n  = 20), also R-NPAM, was used for the longitudinal study. The 
“Valencia Score” was carried out at the ages previously mentioned. 
Maximum lifespan in R-NPAM was 112 weeks with an average 
lifespan of 76 weeks. The 40 week old mice can be considered as 
late-adult mice, the 56 week old mice as mature mice, and the 80 
week old animals as old mice.
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The “Valencia Score” test was also performed in 10 PAM and 10 
E-NPAM at the late-adult age (40 ± 4 weeks) only. All the procedures 
were approved by the Experimental Animal Committee of UCM
(Spain) and were in consonance with the European Community
Council Directives 2010/63/EU of 22 September 2010 guidelines.
Body Weight
The body weights of the mice were recorded individually 1 month 
prior to and at the moment of carrying out the “Valencia Score” for 
frailty. When a given mouse lost more than 5 per cent of its weight 
compared with the previous month, it was considered frail for this 
criterion. This cut-off was selected in order to resemble the Fried’s 
phenotype frailty score for humans, which considers the loss of 5 
per cent of body weight in the previous year as a frailty criterion (3).
Motor Coordination Test
The tight-rope test described by Miquel (31) and widely used by oth-
ers (32) was used with the following modifications. Mice were placed 
in the middle of a bar of circular section (60 cm long and 1.5 cm 
diameter) and the test was considered successful if the mouse was 
able to reach either the end of the bar, or if it did not fall, during a 
period of 60 seconds in at least one out of the five consecutive trials.
Incremental Treadmill Test
Mice were submitted to an intensity treadmill test (Model LE8706, 
Panlab). The protocol of Davidson and coworkers (33) was used 
with the following modifications. Mice were placed on the tread-
mill at an initial speed of 6 m × minutes−1 for 6 minutes (warm-
up period). After it, the treadmill band speed was increased by 2 
m × minutes−1 every 2 minutes until the animals were exhausted. 
Exercise motivation was administered by the presence of an electric 
shock grid at the base of the treadmill. Exhaustion was defined as 
the refusal to run after three consecutive tail shocks. The maximum 
running time and running speed were recorded as measurements of 
their endurance and slowness, respectively.
Grip Strength Test
The Grip Strength Meter (Panlab. Harvard Apparatus) was used to 
measure the maximum force displayed by a mouse. Briefly, the grip 
strength meter was positioned horizontally and mice were held by 
the tail and lowered toward the apparatus. Animals were allowed to 
grasp the metal bar with their forelimbs and then they were pulled 
backwards in the horizontal plane (34). Maximum peak force of 
each mouse was automatically registered in grams-force. The test 
was performed five consecutive times. Since the weight influences the 
force of an animal, the net grip strength was adjusted by dividing the 
registered force by the weight of the animal.
Data Analysis
Analysis was performed with SPSS 21.0 (SPSS, Chicago, USA) soft-
ware. Normality of the samples was checked by the Kolmogorov–
Smirnov test and homogeneity of the variances was checked by the 
Levene test. Age-related differences in running time, running speed, 
and grip strength were studied using a one-way analysis of variance 
followed by post hoc analysis. The Tukey test was used for post hoc 
comparisons when variances were homogeneous, whereas Games–
Howell analysis was used when variances were not homogeneous. 
Age-related differences regarding the tight-rope test and weight loss, 
as well as in the prevalence of frailty, were analyzed using Pearson’s 
chi-squared test. Differences in lifespan were investigated using the 
Kaplan–Meier test, with a minimum significance level (log rank, 
Mantel-Cox) set at p < .05. Two-sided p < .05 was considered the 
minimum level of significance.
Results
Group-Frailty, Quantified by the “Valencia Score”, Is 
Higher in PAM and Correlates With Lifespan
The results show that both mature and old R-NPAM experience a 
decrease in the running time (endurance) as well as in the running 
speed (slowness) compared with when they are late-adults (p < 
.01 for mature mice; p < .001 for old mice). Old mice also experience 
a decrease in both components compared with when they are mature 
(p < .05 in running time; p < .01 in running speed) (Figure 1A and C). 
Regarding the premature aging model, chronologically adult PAM 
Figure 1. Running time (A), running speed (C), grip strength (E), and net grip 
strength (G) values in R-NPAM at the late-adult (n  =  20), mature (n  =  18), 
and old (n  =  8) ages (40, 56, and 80 weeks old, respectively). The values 
corresponding to PAM (n = 10) and E-NPAM (n = 10) are shown in (B), (D), 
(F), and (H), respectively. These values were only compared with those of 
R-NPAM at the adult age. Statistical differences were tested using one-way
ANOVA. a: p < .05; aa: p < .01; aaa: p < .001 with respect to the values in
late-adult mice. b: p < .05; bb: p < .01 with respect to the values in mature
individuals. c: p < .05; cc: p < .01 with respect to the values in E-NPAM.
ARTÍCULO 7
162
show lower running time and speed than E-NPAM (p < .05), whereas 
no statistically significant differences are found between PAM and 
late-adult R-NPAM (Figure 1B and D). Strikingly, E-NPAM show a 
higher running time than the late-adult R-NPAM (p < .05).
Weakness is another key component of the diagnosis of clini-
cal frailty (3). Thus, weakness of mice was investigated by measur-
ing grip strength. As shown in Figure 1E, there are no age-related 
changes regarding grip strength in R-NPAM, whereas PAM show 
lower values than E-NPAM and late-adult R-NPAM (p < .05) 
(Figure  1F). There are many studies, all of them carried out in 
humans, which have found a positive correlation between grip 
strength and BMI or weight (35–37). Thus, in order to avoid differ-
ences in grip strength due to differences in body weight, a net grip 
strength variable was calculated by dividing the peak force regis-
tered for each animal by its weight. The results (Figure 1G) show 
that old R-NPAM experience a decrease regarding net grip strength 
compared with when they are late-adult (p < .05). In regard to the 
premature aging model, chronologically adult PAM show lower 
net grip strength than E-NPAM and R-NPAM (p < .01, p < .05, 
respectively) (Figure 1H). Strikingly, E-NPAM show higher net grip 
strength than late-adult R-NPAM (p < .001).
The tight-rope test is a broadly used and extensively validated 
behavioral marker of aging (32,39). The modified protocol used in 
the present study was considered a good marker of motor coor-
dination, which was quantified as the percentage of mice that 
succeeded in performing the test (17). In addition, unintentional 
weight loss was quantified as the percentage of mice that succeeded 
in not losing more than 5 per cent of their body weight compared 
with the previous month. The results (Figure  2A) show that old 
R-NPAM experience a decrease in the percentage of success in per-
forming the tight-rope test in comparison to when they are late-
adult (p < .01) and mature (p < .05). PAM have a lower percentage
of success than E-NPAM, although nonstatistically significant dif-
ferences are found (Figure 2B). Regarding weight loss, a tendency
towards an age-related decrease in the ability to maintain body 
weight is observed, although no statistically significant differences 
are found at the different times of study in R-NPAM as well as in 
PAM (Figure 2C and D).
Based on the performance of mice at each age studied, reference 
values were obtained for each age by selecting the value of the 20th 
percentile for the variables running speed, running time, and net grip 
strength (Figure 3A). The variable net grip strength (grip strength/
weight) was used instead of grip strength, given that the first showed 
a more marked age-related decrease (Figure 1E and G). Therefore, 
each mouse that ranked below the 20th percentile for any of these 
criteria was considered as a failure for that criterion. Regarding 
motor coordination and weight loss components, each mouse that 
failed to complete the tightrope test or lost more than 5 per cent of 
its body weight compared to the previous month, respectively, was 
considered as a failure for that criterion.
For the calculation of the frailty score for each age group (late-adult, 
mature, and old R-NPAM), the corresponding age-matching reference 
values were applied. Each group-frailty score, expressed as a percentage, 
was obtained by dividing the total number of tests failed by the mice of 
each age, by the total number of tests performed by these mice. As can 
be seen in Figure 3C, the frailty score for late-adult R-NPAM is 15, for 
mature R-NPAM is 21, and for old R-NPAM is 25. These frailty scores 
cannot be compared among them, and they just represent an average 
frailty score for mice at these ages. In addition, following the same 
procedure described above, group-frailty was also calculated for adult 
PAM and E-NPAM by using the reference values of adults. Therefore, 
these group-frailties can be compared with adult R-NPAM. Figure 3D 
shows that PAM display a group-frailty score higher than the one for 
adult R-NPAM. In contrast, E-NPAM have a group-frailty score of 0, 
even lower than that obtained in the group of adult R-NPAM. In addi-
tion, PAM exhibited a shorter lifespan than the group of R-NPAM and 
E-NPAM (p < .001), whereas the E-NPAM showed a longer lifespan 
than the group of R-NPAM (p < .01) (Figure 3B).
The Individual Frailty Scores at Each Age Studied 
Correlate With Lifespan
Given that the frailty profile is subjected to deficit accumulation and 
that the age-related deterioration of the physiological systems does 
not occur at the same rate in all subjects with the same chronological 
Figure 2. Percentage of success in the tight-rope test (A) and unintentional 
weight loss (C) of R-NPAM at the late-adult (n = 20), mature (n = 18), and old 
(n = 8) ages (40, 56, and 80 weeks old, respectively). The results corresponding 
to PAM (n = 10) and E-NPAM (n = 10) are shown in (B) and (D), respectively. 
Data regarding weight loss are expressed as percentage of mice that did not 
lose more than 5 per cent of their weight compared with the previous month. 
Statistical differences were tested using Pearson’s chi-squared test. aa: p < 
.01 with respect to the values in late-adult mice. b: p < .05 with respect to the 
values in mature individuals.
Figure  3. (A) Reference values applied for each age investigated. (B) 
Kaplan–Meier cumulative survival curves of E-NPAM (n  =  10), R-NPAM 
(n = 20), and PAM (n = 10). (C) Group-frailty score for adult, mature, and old 
R-NPAM obtained using, respectively, adult, mature, and old cut-off values
as references. (D) Group-frailty score for chronologically adult E-NPAM and
PAM obtained using adult cut-off values as references. Statistical differences 
between lifespans were tested using the Kaplan–Meier log‐rank test. **: p <
.01; ***: p < .001.
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age, an individual frailty score was calculated for each mouse at each 
age by counting how many components of the test they failed. Again, 
depending on the age of the mouse, the corresponding reference values 
were applied as cut-offs. Thus, if a mouse failed three or more compo-
nents out of the five that conform the test, it was considered as frail. 
If it failed one or two criteria, it was classified as prefrail, whereas if it 
did not fail any criteria it was considered as robust, according to the 
clinical classification for Fried’s Frailty Score (3). The results demon-
strate that frailty within a group of mice of the same chronological age 
is very heterogeneous. Thus, at the late-adult age, within the group of 
R-NPAM, 10 per cent are frail, 20 per cent are prefrail, and 70 per
cent are robust. Within the group of PAM, 40 per cent are frail, 40 per 
cent are prefrail, and only 20 per cent are robust, whereas within the
group of E-NPAM all mice are robust (Figure 4A).
In addition, individual frailty scores were also calculated at the 
mature and old ages by using as cut-off values the reference values 
at these ages. The results show that 44.5 per cent of the mature mice 
were robust, 44.5 per cent were prefrail, whereas 11 per cent were 
frail. Regarding the prevalence of frailty at the old age, it was found 
out that 50 per cent of the old mice were robust, 37.5 per cent were 
prefrail, whereas 12.5 per cent were considered frail (Figure 4B).
Due to the observed heterogeneity regarding the individual frailty 
score of each mouse and given that the lifespan of each mouse was 
monitored individually, it was possible to investigate the relationship 
between the individual frailty score of a given mouse obtained at a 
given age, and its corresponding lifespan. Within the group of adult 
R-NPAM (Figure 5A), those mice which were prefrail and frail at the 
adult age lived significantly less time than their robust counterparts
(p < .01, p < .001, respectively) and the frail mice even less than the
prefrail ones (p < .05). Within the group of adult PAM (Figure 5B), 
those mice that were frail at the adult age lived significantly less than 
their robust counterparts (p < .05).
In addition, the relationship between the individual frailty score 
of R-NPAM at the mature and old ages of each mouse (by using as 
cut-off values the reference values of their corresponding ages) and 
its respective lifespan was also studied. Within the group of mature 
R-NPAM (Figure 5C), those mice that were frail at the mature age
lived significantly less than their robust (p < .01) and prefrail (p <
.05) counterparts. In addition, within the group of old R-NPAM
(Figure 5D), those that were frail at the old age lived significantly
less than their robust counterparts (p < .05).
Discussion
It has been stated that in order to determine how to promote a healthy 
life expectancy in humans, common grounds between animal studies 
and clinical trials must be found (40). Several functions known to 
experience an age-related decline in humans can also be assessed in 
rodents. But many physiological tests that have been established in 
humans either do not exist or cannot be applied to aging experimen-
tal animals (40). Thus, the “Valencia Score” (17) becomes a useful 
tool for the quantification of frailty in mice, since it is noninvasive, 
simple and has the advantage of being comparable to the one that is 
routinely performed in humans, the Fried’s phenotype frailty score 
(3). However, in order to increase the potential applicability and 
translation of the “Valencia Score” results to humans, it is neces-
sary to validate it in other mouse strains, as previously stated (15). 
Thus, the present study validates the use of the “Valencia Score” (17) 
for the quantification of frailty in outbred female ICR-CD1 mice. 
This is a novel finding giving that most of the research performed on 
frailty in mice has used inbred strains, which are less comparable to 
humans. Thus, data obtained in outbred strains, such as ICR-CD1, 
have a higher potential for clinical translation (41). The results show 
that as the mice aged, they showed a worse performance in the 
various tests that comprise the “Valencia Score”: running time, run-
ning speed, net grip strength, motor coordination, and weight loss, 
validating these criteria as good markers for the establishment of a 
frailty score in experimental animals.
In addition, in the present study, frailty has been quantified in 
a model of prematurely aging mice, in order to shed light into the 
link between aging and frailty. Recently, frailty was quantified by the 
Figure  4. (A) Frequencies of robust, prefrail, and frail mice in E-NPAM, 
R-NPAM, and PAM groups obtained using adult cut-off values as references. 
(B) Frequencies of robust, prefrail, and frail mice in adult, mature, and old
R-NPAM groups obtained using adult, mature, and old cut-off values as
references, respectively. Statistical differences were tested using Pearson’s
chi-squared test. *: p < .05; **: p < .01.
Figure  5. Kaplan–Meier cumulative survival curves stratified in mice 
classified as robust, pre-frail and frail at the late-adult age (A), at the mature 
age (C), and at the old age (D) within the group of R-NPAM, as well as in adult 
PAM (B). Statistical differences between lifespans were tested using Kaplan–
Meier log‐rank test. *: p < .05; **: p < .01; ***: p < .001.
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mouse FI (12), based on deficit accumulation, in the DBA/2J mouse 
strain, which is known to be short-lived. However, a higher frailty 
was only detected in males, compared with the frailty of the long-lived 
strain C57/BL6 (13). The quantification of frailty in the prematurely 
aging mice used in the present study has an important advantage over 
others, given that it is a natural model without genetic manipulation. 
PAM are just a fraction of the mice population which ages faster 
than their counterparts, and this makes the results more comparable 
to human subjects. The results demonstrate that the group of PAM, 
despite being adults, shows a higher frailty score to that obtained in 
adult R-NPAM, whereas the group of E-NPAM of the same age shows 
a frailty score of 0, even lower than the one obtained for R-NPAM. 
Thus, PAM are also prematurely frail. Moreover, the PAM group 
exhibited a shorter lifespan than the R-NPAM and E-NPAM groups, 
whereas E-NPAM displayed a longer lifespan than the R-NPAM 
group. Thus, these results demonstrate that there is a relationship 
between the frailty score, calculated by the “Valencia Score”, of a 
group of mice at the late-adult age and their respective lifespans.
The use of the “Valencia Score” for quantification of frailty in a 
group as a whole has been shown to be useful in quantifying the effect 
of a given intervention, such as exercise, on frailty (17). However, 
quantification of individual frailty scores by the “Valencia Score” has 
not been performed. So far, the only studies that have calculated an 
individual frailty score for each mouse at different ages, throughout 
a longitudinal design, have used the FI based on deficit accumula-
tion. The first one, proposed by Whitehead and colleagues (12) and 
further used by Kane and colleagues and Rockwood and colleagues 
(13,14), is a 31-item FI based on Signs of Clinical Deterioration in 
mice (hair loss, tremor, gait, etc.). This 31-item FI has been shown 
to be an indicator of biological age, given its relation to mortality. 
Although very complete, the translation of this FI to clinical practice 
seems difficult especially because the parameters used do not coin-
cide with the accepted measures used clinically to define frailty in 
humans. The Physiological Frailty Index (PFI), proposed by Antoch 
and colleagues (15), is a 12-item Frailty Score that takes into account 
the variable grip strength plus another 11 biochemical ones (such as 
diastolic pressure, number of lymphocytes, and haematocrit). This 
score, although easier to implement, lacks relevant deficits that are 
predictors of frailty such as walking speed or motor coordination. 
It has been successfully applied to quantify the effect of dietary and 
pharmaceutical interventions on the FI. However, the link between 
individual frailty scores and respective lifespans was not studied, and 
the FI of a group was not always predictive of its lifespan.
Therefore, the present study is the first one that has calculated an 
individual frailty score for each mouse at different ages, throughout 
a longitudinal design, by using the “Valencia Score” which is based 
on Fried’s phenotype frailty score. It is important to remark that in 
contrast to the frailty indices based on deficit accumulation, which 
take as reference values those from young adults, the “Valencia 
Score” requires the establishment of reference values (cut-off values) 
at each age. Thus, for the longitudinal design carried out in the pre-
sent study, reference values were obtained at the late-adult, mature, 
and old ages, and frailty scores were therefore calculated at the same 
ages by using the age-matching values as cut-offs. Therefore, the 
prevalence of frail individuals at the adult, mature, and old ages was 
of 10, 12, and 11 per cent, respectively. This does not mean that 
frailty does not increase, given that they were calculated based on 
the performance of age-matching mice and therefore cannot be com-
pared within themselves.
In humans, the ability of a FI to predict variable vulnerability of 
individuals with the same chronological age has been referred to as 
their biological age (42). The “Valencia Score” developed for mice 
serves as an indicator of their biological age, given the high cor-
relation between the individual frailty score of a mouse (indepen-
dently of the age point at which it was established) and its respective 
lifespan. Thus, mice considered frail and prefrail showed a shorter 
lifespan compared to those that were robust at all ages studied. 
Moreover, those that were considered frail had a shorter lifespan 
than the prefrail ones. However, it should be taken into account that 
although biological age and frailty are closely related terms, they 
do not necessarily overlap. In fact, within the group of PAM, even 
though they are prematurely aged, differences within their individual 
frailty state were found. Thus, frail PAM, prefrail PAM, and robust 
PAM were observed, with the different frailty score having an impact 
on the lifespan achieved by each mouse. Noticeably, biological age 
seems to have a dominant role over the frailty score given that robust 
PAM have a shorter lifespan than robust R-NPAM. Thus, the indi-
vidual frailty score, calculated by the “Valencia Score,” could be a 
useful analytic tool providing additional information in order to bet-
ter define or classify individuals as prematurely aged.
In summary, the “Valencia Score” for frailty has been shown to 
be useful in quantifying frailty in outbred female ICR-CD1 mice. The 
original contribution from the study is the demonstration that the 
“Valencia Score” can be applied for the calculation of an individual 
frailty score at the late-adult, mature, and old ages, acting as a sen-
sitive predictor of lifespan. Moreover, the “Valencia Score” can be 
applied to quantify group-frailty in prematurely aging mice models in 
order to distinguish variable susceptibility to adverse events already 
at the adult age. The identification of frail adult mice opens up the 
possibility of carrying out long-term interventions, such as nutritional 
or exercise-based ones, starting at adult age as a preventive measure. 
These facts, together with the noninvasive and simple techniques used 
as well as the clinically relevant criteria that the “Valencia Score” 
takes into account, make it a good tool for obtaining frailty indi-
ces for experimental models. This allows longitudinal studies, to be 
performed in any laboratory. The results are likely to have potential 
applications in clinical settings. One limitation of the study is that 
reproducibility of the frailty scores obtained for each mouse was not 
investigated. Those calculations were only performed once in each 
mouse at each age point. As another consideration, it would have 
been interesting to obtain frailty scores on even older animals to 
explore the limits of frailty in mice by the “Valencia Score.”
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Abstract 
Chronic stress situations lead to an impairment of immune response and higher oxidative and inflammatory 
stress, which are important underlying mechanisms of the aging process. However, given that the 
physiological stress response depends on the subjective appraisal of a given stressor, the aim of the study 
was to investigate the effect that different degrees of perceived stress have, regardless of the type of stress, 
on immune functions, oxidative and inflammatory stress and aging rate of adult to middle-aged women (30 
to 50 years old). For that purpose, a group of 49 women were classified according to their scores obtained 
in the perceived stress scale (PSS) into low (n=23), moderate (n=14) and high (n=12) degree of perceived 
stress. The immune functions studied were: neutrophil and lymphocyte chemotaxis, neutrophil phagocytic 
capacity, Natural Killer activity, lymphoproliferation and LPS-stimulated cytokine release. Basal cytokine 
release was studied as an inflammatory stress marker. Antioxidant (superoxide dismutase, glutathione 
peroxidase and reductase activities, and reduced glutathione) and oxidant compounds (oxidized glutathione 
and malondialdehyde) were also investigated in whole blood as markers of oxidative stress. The results 
show that, in general, women with moderate or high degree of perceived stress have a worse immune 
functionality and higher oxidative and inflammatory stress compared to women with low stress perception. 
In addition, a positive correlation was found between PSS scores and the biological age of each woman 
(P≤0.001). In conclusion, high levels of perceived stress are associated with a higher oxidative and 
inflammatory stress, immunosenescence and consequently, an accelerated aging.  
Keywords: stress perception, immunosenescence, oxidative stress, inflammatory stress, biological age 
Introduction 
The responses related to the survival of an 
organism are frequently the cause of its 
deterioration when the levels of the mediators of 
these responses escape from homeostatic control 
(Vida et al. 2014). The response to stress is the 
best example of the function of the 
communication between the homeostatic 
systems (the nervous, the endocrine and the 
immune system), which constitutes the 
neuroimmunoendocrine communication (Del 
Rey and Besedovsky 2017). The stress response 
can be defined as the adaptive physiological 
modifications that occur in response to any 
internal or external changes or threats (stressors). 
Thus, an individual reacts to a physical or mental 
stressor that is potentially health threatening by 
activating interconnected 
neuroimmunoendocrine circuits. This pro-
survival response allows the body to face and 
deal with the challenge and re-establish 
homeostatic equilibrium. However, if the 
individual perceives a noxious stimulus as too 
intense, or its duration as too long, he/she may 
fail coping with it, maladaptation occurs, 
neuroimmunoendocrine parameters remain 
altered and illness may ensue (Mariotti 2015, De 
La Fuente 2018).  
Given the importance that the immune system 
has on the maintenance of health (De La Fuente 
and Miquel 2009; Martinez de Toda et al. 2016), 
the effect that different types of stressful stimuli 
have on its functional capacity, has been the 
subject of extensive research. However, both 
enhancement and suppression of immune 
response have been reported depending on the 
type, duration and magnitude of the stressor, 
among other factors (Segerstrom and Miller 
2004; Lucas et al. 2007; Godoy et al. 2018). 
Nevertheless, chronic stress situations have been 
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associated with a defective immune functional 
capacity (Rohleder 2012, Cruces et al. 2014). 
Moreover, chronically stressed individuals 
display high levels of pro-inflammatory 
mediators (Salim et al. 2011), which has been 
explained as a consequence of a glucocorticoid-
resistance (Miller et al. 2002). Thus, the 
diminished capacity of the immune system to 
respond to the anti-inflammatory action of 
cortisol, triggers the establishment of 
inflammatory processes. In addition, enhanced 
pro-inflammatory cytokine signalling may 
promote generation of reactive oxygen species 
(ROS) and lead to oxidative damage, given that 
oxidation and inflammation are interlinked 
processes (Vida et al. 2014; De La Fuente 2018). 
Consequently, chronic stress has also been 
associated with higher levels of oxidative 
damage (Irie et al. 2003; Forlenza and Miller 
2006; Salim 2016; De La Fuente 2018). 
According to the oxidative-inflammatory theory 
of aging (De La Fuente and Miquel 2009), 
chronic oxidative and inflammatory stress 
situations are the basis of the age-related 
impairment of the homeostatic systems (the 
nervous, endocrine, and immune systems) as 
well as of their bidirectional communication, 
which results in an increased morbidity and 
mortality. Therefore, given that an inappropriate 
response to stress is associated with increased 
inflammatory and oxidative stress and an 
impaired immune function, it can accelerate the 
rate of aging (De La Fuente 2018). In fact, it has 
been demonstrated that mice with chronic hyper-
reactivity to stress and anxiety show a higher 
oxidative stress, a premature immunosenescence 
and frailty and a shorter life span than those with 
an appropriate response to stress (Vida et al. 
2014; Martínez de Toda et al. 2018). 
Importantly, stress-related immune changes have 
been reported to be very different not only 
depending on the type, duration or intensity of 
stressors but also on the characteristics of each 
individual (personality, life experiences, social 
situation, controllability, and perception of the 
situation, among others). All these, cause a very 
high inter-individual variability in responses (De 
La Fuente 2018). However, the subjective 
perception of a given stressor is an aspect that has 
been less taken into account when studying 
functional, oxidative and inflammatory stress 
parameters of immune cells. Importantly, 
cognitive mechanisms mediating stress 
perception, coping, sense of control and 
psychosocial factors such as social support are 
critical determinants of the duration and 
magnitude of the physiological stress response 
(Dhabhar 2009). Consequently, this leads to a 
positive or negative outcome. One of the most 
popular tools for measuring subjective 
perception of stress is The Perceived Stress Scale 
(PSS; Cohen et al. 1983), which constitutes a 
self-reported questionnaire that was designed to 
measure “the degree to which individuals 
appraise situations in their lives as stressful” 
(Cohen et al. 1983). The PSS items evaluate the 
degree to which individuals believe their life has 
been unpredictable, uncontrollable, and 
overloaded during the previous month (Lee 
2012). Given that the degree of perceived stress 
is the result of daily stressors and life events as 
well as of the means and resources that the person 
has at a given moment (Remor 2006), it is an 
indicator of the capacity to respond to stress.  
For all these reasons, the goal of the study was to 
investigate the effects that different degrees of 
perceived stress (such as low, moderate or high), 
regardless of the type of stress, have on the 
function of immune cells, on the oxidative and 
inflammatory stress of whole blood and 
consequently, on the aging rate of adult to 
middle-aged women.  
Materials and Methods 
Subjects. The study was performed using 49 
women aged from 30 to 50 years. All subjects 
were Spanish and recruited from the population 
of Madrid. They were submitted to the 14-Item 
Perceived Scale Stress (PSS) and depending on 
the scores obtained were classified into three 
groups: Low, Moderate and High perceived 
stress (see Table 1 for demographic data of three 
groups). None of the participants received any 
kind of psychopharmacological treatment or 
psychotherapy. Exclusion criteria consisted of 
malnourishment, pregnancy, severe allergies, 
immunodeficiency or autoimmune diseases, 
neoplasia, rheumatic fever, diabetes, seizures, 
endocrine disorders, anemia, radiation therapy, 
chemotherapy, intake of adrenal corticosteroids 
or estrogen replacement therapy, smoking, 
consumption of alcohol or drugs, or performance 
of endurance training shortly before admission. 
Considering that menstrual status may influence 
immunity, it was necessary for participants to be 
neither ovulating nor menstruating. A structured 
clinical interview was conducted previous to the 
psychological questionnaire. Women showing 
depressive symptoms were excluded from the 
study. All participants gave their written consent 
for the use of their blood samples for academic 
research. All procedures were carried out 
according to the Declaration of Helsinki. 
Following the conduct of the psychological 
questionnaire (Spanish version), blood samples 
(12 ml of peripheral blood drawn by vein 
puncture) were collected from 9:00 am to 10:00 
am (in tubes with citrate; BD Vacutainer 
ARTÍCULO 8
171
Systems) to avoid circadian variations on 
immune parameters.  
Perceived Scale Stress (PSS). Psychological 
stress was measured using the Perceived Stress 
Scale (PSS-10), a 10-item questionnaire used to 
elicit an individual’s evaluation of stressful 
experiences in the past month. The responses are 
rated on a Likert-type scale from 0 to 4 (0 = 
never, 1 = almost never, 2 = sometimes, 3 = fairly 
often, 4 = very often). Individual scores can 
range from 0-40 with higher scores indicating 
higher perceived stress. Scores ranging from 0-
13 would be considered low perceived stress. 
Scores ranging from 14-26 would be considered 
as moderate and scores ranging from 27-40 
would be considered as high perceived stress 
levels. Reliability and internal validity have been 
reported as high with α from .84 to .86 (Cohen et 
al. 1983; Lee 2012). 
Hormone assays. Plasma cortisol was 
determined by using a Cortisol ELISA kit (ADI-
900-071, Enzo Life Sciences, UK) and plasma
DHEA-S was quantified by a DHEA-S ELISA
kit (ab108669, Abcam, UK).
Analysis of immune function parameters 
Isolation of neutrophils and lymphocytes. 
Neutrophils and lymphocytes cells were isolated 
from whole blood following a previously 
described method (Martínez de Toda et al. 2016), 
using 1.119 and 1.077 density Hystopaque 
(Sigma-Aldrich, Spain) for neutrophil and 
lymphocyte separation, respectively. Collected 
cells (95% of viability determined using trypan 
blue staining) were adjusted to the corresponding 
final concentrations for the development of each 
assay. 
Chemotaxis. Cell suspensions were adjusted to 
0.5 x 106 cells (neutrophils or lymphocytes)/ml 
in Hank's medium and placed into a Boyden 
chamber. The number of cells that migrated 
towards formyl-Met-Leu-Phe were counted and 
expressed as the Chemotaxis Index, as previously 
described (Martínez de Toda et al. 2016). 
Phagocytosis. Cell suspensions were adjusted to 
0.5 x 106 neutrophils/ml in Hank´s medium and 
placed into migration inhibition factor (MIF) 
plates for 30 min. After washing, latex beads 
were added into the plates and the number of 
latex beads ingested by 100 macrophages were 
counted and expressed as the Phagocytic Index, 
as previously described (Martínez de Toda et al. 
2016). 
Natural killer cytotoxicity. Cell suspensions 
were adjusted to 106 lymphocytes/ml in RPMI 
1640 medium and placed into 96-well plates. 
Human K-562 lymphoma cells were added into 
wells and Natural killer activity was assessed by 
quantifying lactate dehydrogenase released into 
the medium (Cytotox 96 TM Promega, 
Germany). The results were expressed as the 
percentage of tumor cells killed (% lysis), as 
previously described (Martínez de Toda et al. 
2016). 
Lymphoproliferative capacity. Cell 
suspensions were adjusted to 0.5 x 106 
lymphocytes/ml in RPMI 1640 supplemented 
with medium supplemented with fetal bovine 
serum and placed into 96-well plates. The 
mitogen Phytohemagglutinin (PHA) or complete 
medium was added into wells and incubated for 
48h. Then, 3H-thymidine was also added and 
incubated for 24h. 3H-thymidine uptake was 
quantified in a beta counter both in basal and 
stimulated conditions and results were expressed 
as lymphoproliferation capacity (%), 100% being 
the counts per minute (cpm) in basal conditions, 
as previously described (Martínez de Toda et al. 
2016). 
Determination of redox parameters 
Whole blood cells. Whole blood cells (including 
erythrocytes and total leukocytes) were obtained 
as previously described (Martínez de Toda et al. 
2019). Aliquots of peripheral blood were diluted 
1:1 in RPMI 1640 (Gibco, Canada) and were 
incubated for 4 h at 37ºC in a saturated 
atmosphere of humidity and CO2. After 
centrifugation at 900g 10 min, plasma was 
removed and the whole blood cell pellets were 
stored at -80ºC until used. 
Superoxide dismutase activity. Superoxide 
dismutase (SOD) activity was measured using a 
quantitative colorimetric assay kit 
(EnzyChrom™ ESOD-100, BioAssay Systems, 
Hayward, CA). Whole blood pellets were diluted 
(1:50) into diluent provided by the kit. 20µL of 
each sample were dispensed into 96-well plates. 
After addition of xanthine oxidase, xanthine 
oxidase enzyme and water soluble tetrazolium 
(WST-1) as a dye, reaction took place for 60 min 
and absorbance was measured at 440 nm. Results 
were expressed as units (U) SOD/mg protein.  
Glutathione peroxidase activity. Whole 
blood cells were resuspended in oxygen-free 
phosphate buffer (pH 7.4 50 mM). Then, 
they were sonicated and supernatants (1:30) 
were  used for the enzymatic reaction 
together with cumene hydroperoxide as a 
substrate as previously described (Martínez 
de Toda et al. 2019). Oxidation of NADPH 
was measured at 340 nm. The results were 




Glutathione reductase activity. Whole blood 
cells were resuspended in oxygen-free phosphate 
buffer (pH 7.4 50 mM). Then, they were 
sonicated and supernatants (1:5) were used for 
the enzymatic reaction together with GSSG 80 
mM as substrate, as previously described 
(Martínez de Toda et al. 2019). Oxidation of 
NADPH was measured at 340 nm. The results 
were expressed as U of glutathione reductase 
activity/mg protein. 
Glutathione concentration. Whole blood cells 
were resuspended in phosphate buffer (pH 8 50 
mM EDTA 0.1 M). Then, they were sonicated 
and supernatants were used for the quantification 
of both reduced (GSH) and oxidized (GSSG) 
glutathione by the reaction capacity that GSSG 
and GSH have with o-phthalaldehyde at pH 12 
and pH 8, respectively, resulting in the formation 
of a fluorescent compound measured at 420 nm, 
as previously described (Martínez de Toda et al. 
2019). Results were expressed as nmol of GSSG 
and GSH per milligram of protein. Moreover, the 
GSSG/GSH ratio was calculated for each sample. 
Malondialdehyde (MDA) concentration. 
Quantification of malondialdehyde (MDA) was 
achieved using the commercial kit “Lipid 
peroxidation (MDA) Assay Kit” (Biovision, 
USA). Whole blood cells were resuspended in 
300 μl MDA lysis buffer (containing BHT 
0.1mM), sonicated and centrifuged at 13000g for 
10 min. Supernatants were collected, mixed with 
thiobarbituric acid (TBA) and incubated in a 
water bath at 95°C for 60 min. Then, samples 
were centrifuged, supernatants collected and 
absorbance was measured at 532 nm, as 
previously described (Martínez de Toda et al. 
2019). Results were expressed as nmol MDA/mg 
protein.  
Determination of inflammatory parameters 
Cytokine measurement. Basal and LPS-
stimulated plasmas from whole blood after 
incubation of 4 hours, were obtained and IL-1β, 
IL-6, TNF-α, IL-10 and IL.4 were measured 
simultaneously by multiplex luminometry 
(Beadlyte mouse multiplex cytokine detection 
system, HSTCMAG-28SK-05, Deltaclon, 
Spain).  
Statistical Analysis 
Statistical analysis was performed in SPSS IBM, 
version 21.0 (SPSS, Chicago, USA). All tests 
were two-tailed, with a significant level of 
α=0.05. Normality of the samples and 
homogeneity of the variances were checked by 
the Kolmogorov-Smirnov and Levene tests, 
respectively. Differences between groups were 
studied by one-way analysis of variance 
(ANOVA) followed by post hoc test analysis. 
The Tukey test was used for post-hoc 
comparisons when variances were 
homogeneous, whereas its counterpart Games-
Howell was used when variances were not 
homogeneous. In addition, Pearson´s correlation 
coefficient was calculated using the Perceived 
Stress Scale (PSS) scores and the estimated 
biological age of each subject. 
Results 
The main characteristics of the three groups of 
women enrolled in this study are reported in 
Table 1, including PSS score ranges and averages 
of each group  The three groups comprised 
women from the same ages. The group of high 
perceived stress showed higher cortisol 
concentration in plasma (P < 0.05), lower 
concentration of dehydroandrosterona-sulfate 
(DHEA-S) (P < 0.001) and higher 
cortisol/DHEA-S ratio (P < 0.01) compared to 
the group of low perceived stress. 
Table 1. Demographic data, perceived stress score, cortisol (nmol/L), DHEA-S (nmol/L) and 
Cortisol/DHEA-S ratio from three experimental groups: low, moderate and high perceived 
stress. PSS: Perceived Stress Scale. *: P < 0.05; **: P < 0.01; ***: P < 0.001 with respect to the 
group of women with low perceived stress levels. 
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Figure 1. Immune function parameters in middle-aged women with low, moderate or high stress 
perception. A) Neutrophil Chemotaxis; B) Neutrophil Phagocytosis, C) Natural Killer Activity, D) 
Lymphocyte Chemotaxis, E) Lymphocyte Proliferation. **: P < 0.01; ***: P < 0.001 with respect to the 
low perceived stress group. #: P < 0.05; ##: P < 0.01 with respect to the moderate perceived stress group.
The results regarding immune function (Figure 
1) showed that the group of women with high
perceived stress displayed lower neutrophil
chemotaxis and phagocytosis, natural cytotoxic
activity (P < 0.001) as well as lymphocyte
chemotaxis and proliferation (P < 0.01)
compared to the group of women with low
perceived stress. This group with high perceived
stress also showed lower neutrophil phagocytosis
and natural cytotoxic activity (P < 0.05; P < 0.01;
respectively) with respect to the group with
moderate perceived stress. In addition, the group
of women with moderate perceived stress
showed lower neutrophil chemotaxis and
phagocytosis (P < 0.001) compared to the group
with low perceived stress.
Given that these immune function parameters 
have been validated as markers of the biological 
age (Martínez de Toda et al. 2016), the individual 
biological age of each woman was estimated 
through a mathematical model which takes into 
account neutrophil chemotaxis and phagocytosis, 
lymphocyte chemotaxis, Natural Killer activity 
as well as lymphoproliferation ability. Thus, the 
existing relationship between the estimated 
biological age of each woman and her PSS score 
was investigated. It was found that there is a 
positive correlation between the degree of 
perceived stress and biological age (Pearson´s 
correlation coefficient = 0.820; P < 0.001). 
Figure 2. LPS-stimulated cytokine release from whole blood from middle-aged women with low, 
moderate or high levels of stress perception. A) IL-1β release; B) IL-6 release; C) TNF-α release; D) 
IL-10 release; E) IL-4 release. *: P < 0.05; **: P < 0.01; ***: P < 0.001 with respect to the low perceived 
stress group. #: P < 0.05 with respect to the moderate perceived stress group. 
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Figure 3. Basal cytokine release from whole blood from middle aged-women with low, moderate or 
high levels of stress perception. A) A) IL-1β release; B) IL-6 release; C) TNF-α release; D) IL-10 
release; E) IL-4 release. *: P < 0.05; **: P < 0.01; ***: P < 0.001 with respect to the low perceived stress 
group. #: P < 0.05 with respect to the moderate perceived stress group. 
In addition, the functional capacity of immune 
cells was evaluated by measuring cytokine 
release in response to LPS stimulation in whole 
blood (Figure 2). It was found that the group of 
women with high levels of stress perception had 
a higher release of IL-6 and TNF-α (P < 0.05) and 
lower of IL-10 (P < 0.001) and IL-4 (P < 0.01) 
than the group of women with low perceived 
stress.  Moreover, women with high levels of 
perception of stress showed higher TNF-α (P < 
0.05) than the group of women with moderate 
stress perception. However, the group of women 
with moderate perceived stress only showed a 
lower concentration of IL-10 (P < 0.01) than the 
group of women with low perceived stress.  
Moreover, basal cytokine release from whole 
blood was also investigated, as an indicator of 
sterile inflammation (Figure 3). It was found that 
the group of women with high levels of stress 
perception showed higher basal release of IL-1β 
(P < 0.05), IL-6 (P < 0.01), TNF-α (P < 0.05) and 
lower basal release of IL-10 (P < 0.001) and IL-
4 (P < 0.01) than the group of women with low 
perceived stress, and higher basal release of IL-6 
and TNF-α (P < 0.05) than the group of women 
with moderate perceived stress. In addition, the 
group of women with moderate perceived stress 
also showed higher basal release of IL-1β (P < 
0.01) and IL-6 (P < 0.05) and lower basal release 
of IL-10 (P < 0.01) than the group of women with 
low stress perception.  
Figure 4. Antioxidant parameters in whole blood cells from middle-aged women with low, moderate 
or high stress perception. A) Superoxide Dismutase activity; B) Glutathione Peroxidase activity; C) 
Glutathione Reductase activity; D) Reduced Glutathione (GSH) concentration. **: P < 0.01; ***: P < 
0.001 with respect to the low perceived stress group. 
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Figure 5. Oxidant parameters in whole blood and isolated immune cells from middle-aged women 
with low, moderate or high stress perception. A) Oxidized Glutathione (GSSG) concentration in 
whole blood cells; B) GSSG/GSH ratio in whole blood cells; C) Malondialdehyde (MDA) 
concentration in whole blood cells; D) MDA concentration in isolated lymphocytes; E) MDA 
concentration in isolated neutrophils. *: P < 0.05; **: P < 0.01; ***: P < 0.001 with respect to the low 
perceived stress group. 
With respect to the antioxidant defences in whole 
blood cells (Figure 4), the group of women with 
high perceived stress displayed lower GPx and 
GR activities as well as GSH concentrations (P < 
0.001) compared to the group with low perceived 
stress. In addition, the group with moderate stress 
perception also showed lower GPx and GR 
activities as well as GSH concentrations (P < 
0.01 for GR; P < 0.001 for GPx activity and GSH 
concentration) than the group with low stress 
perception.  
Regarding oxidant parameters in whole blood 
cells (Figure 5), both the groups of women with 
moderate and high perceived-stress showed 
higher GSSG concentrations, GSSG/GSH ratios 
and MDA concentrations (P < 0.001) than the 
group of women with low perceived stress. In 
addition, the peroxidative damage marker, 
malondialdehyde concentration, was also 
investigated in isolated immune cell types, in 
lymphocytes and in neutrophils. The results show 
that, in general, neutrophils have higher MDA 
concentration than lymphocytes. When focusing 
on the differences within degrees of perceived-
stress, it was found that the group of women with 
high perceived-stress levels show higher MDA 
concentrations both in lymphocytes and in 
neutrophils compared to the group of low 
perceived stress (P < 0.05; P < 0.01; 
respectively). However, the group of women 
with moderate perceived-stress levels only have 
higher MDA concentrations in neutrophils 
compared to the group of low perceived stress (P 
< 0.05). 
Discussion 
The notion that our interpretation of events is 
crucial to the physiological response to them has 
been known for several years. Cohen et al. (1997) 
described a model of the process through which 
life events and stressors generate a multi-stage 
“stress response”. Thus, the stress response is 
initiated by an assessment of the threatening 
nature of the stressors, in which factors such as 
individual personality, personal experiences, 
resources, coping mechanisms and available 
social support play a decisive role (Afshar et al. 
2015; De La Fuente 2018). Despite the fact that 
most studies which link stressors and 
physiological response (or disease) acknowledge 
the importance of the individual’s subjective 
appraisal of the event (Kristensen 1996, 
Schwartz et al. 1996, Cohen et al. 1997), studies 
focused on the association between perceived 
stress and biological indicators are scarce and 
conflicting (Goldman et al. 2005). To the best of 
our knowledge, this is the first study to 
demonstrate that self-reported perceived stress, 
independently of the type, intensity and duration 
of the stressor, has a profound impact on the 
function of immune cells as well as on the 
oxidative and inflammatory state of the 
individual and therefore, on the rate of aging. 
Given that the Hypothalamic–Pituitary–Adrenal 
(HPA) axis is pivotal for immune system 
homeostasis, alterations on its fine-tuning have 
been associated with disease. HPA over-
activation may increase susceptibility to 
infectious diseases such as influenza, whereas its 
repression may increase susceptibility to 
autoimmune diseases (Bauer 2005).        
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Two adrenal hormones, dehydroepiandrosterone 
sulfate (DHEA-S) and cortisol have been 
reported to be involved in this signalling 
displaying opposing effects on immune function 
(Butcher et al. 2005). In general, DHEA-S has 
been described as an enhancer of the immune 
function, whereas cortisol as a suppressive 
(Butford et al. 2008). Accordingly, chronic stress 
situations throughout cortisol release have been 
linked to an impaired NK activity, a lower 
lymphoproliferative capacity as well as to an 
impaired antibody production in response to 
vaccination (Herbert and Cohen, 1993; Kiecolt-
Glaser et al. 1984; Cohen et al. 2001). Thus, the 
increased cortisol/DHEA-S ratio found in plasma 
from women experiencing moderate and high 
perceived stress levels compared to those with 
low stress perception, would explain their 
defective immune cell function. However, 
whereas high perceived-stress led to an evident 
deterioration of all immune functions analysed, 
moderate perceived stress only affected 
neutrophil functioning. This finding was at first 
surprising, given that neutrophils have been 
previously reported to be less sensitive to 
glucocorticoid suppressive actions (Saffar et al. 
2011), although some other studies have found 
conflicting evidence (Hirsch et al. 2012). 
Nevertheless, when the peroxidative damage 
marker, malondialdehyde (MDA), was 
quantified in isolated immune cells, it was found 
that neutrophils but not lymphocytes from 
women with moderate perceived stress displayed 
increased MDA concentrations. Given that an 
appropriate function of immune cells relies on 
their adequate redox balance (De La Fuente and 
Miquel 2009), this could be the underlying 
reason for their defective functioning. In fact, 
neutrophils need to produce high oxidant 
compounds such as superoxide anion to perform 
an effective phagocytic process, which may 
justify why they show higher peroxidative 
damage than lymphocytes. The results obtained 
in the present study agree with results from 
previous studies, which show that phagocytes, 
both neutrophils in humans and macrophages in 
mice, are the type of immune cell that accumulate 
the most oxidative damage (Vida et al. 2017a; 
2017b; Martinez de Toda et al. 2019). 
Furthermore, since cytokines are essential 
modulators of interactions that regulate cell-
mediated and humoral immunity, changes in 
their release could play a crucial role in the 
observed impairment of immune function. 
Accordingly, immune cells from women with 
moderate and high perceived stress, when 
challenged with an infection, mimicked with 
LPS, showed a higher release of pro-
inflammatory cytokines and a lower release of 
anti-inflammatory, as previously reported 
(Sribanditmongkol et al. 2015). In addition, with 
respect to basal cytokine release, which is an 
indicator of sterile inflammation (Bauer and De 
La Fuente 2016), women with moderate and high 
self-reported stress were found to display higher 
basal release of pro-inflammatory cytokines and 
lower of anti-inflammatory ones. These results 
agree with other studies in which higher pro-
inflammatory cytokines, such as TNF-α have 
been found in plasma from anxious women 
(Maes et al. 1998, Arranz et al. 2007).  This 
unbalanced pro-inflammatory/anti-inflammatory 
ratio can have serious detrimental effects given 
that enhanced pro-inflammatory cytokine 
signalling may promote generation of reactive 
oxygen species (ROS) and lead to oxidative 
damage, since oxidative and inflammatory stress 
are very related processes (Vida et al. 2014; De 
la Fuente 2018). In the present study, it was 
demonstrated that both moderate and high 
perceived levels of stress were associated with 
lower antioxidant defences (GPx, GR activities 
and GSH concentrations) and higher oxidant 
parameters (GSSG and MDA concentrations as 
well as GSSG/GSH ratios) in whole blood cells, 
similar to those observed in elderly individuals 
(Martinez de Toda et al. 2019). These results 
agree with other studies, which have found a 
close relationship between perceived stress and 
oxidative DNA damage in urine (Shimanoe et al. 
2018), oxidative DNA damage in leukocytes (Irie 
et al. 2001; Irie et al. 2003) and with isoprostane 
levels in plasma (Epel et al. 2004).  
Furthermore, in the context of the 
neuroimmunoendocrine communication, an 
inadequate response to stress has been described 
as causing accelerated aging (Perna et al. 2015; 
De la Fuente 2018).  Accordingly, chronically 
stressed individuals show an accelerated 
telomere shortening (Epel et al. 2004). 
Supporting this idea, in the present study, a 
positive correlation was found between 
perceived stress levels (PSS scores) and 
biological age (estimated through a mathematical 
model based on immune function parameters), 
even though all women included in the study 
belonged to the same age group (30-50 years 
old). Thus, it seems that the increased oxidative 
and inflammatory stress that takes place in 
women with moderate and high perceived stress, 
causes an immunosenescence and consequently, 
according to the oxidative-inflammatory theory 
of aging (De La Fuente and Miquel 2009), 
accelerates the aging rate of those subjects (De 
La Fuente 2018). A limitation of the study is that 
we did not take into account the objective nature 
or the magnitude of the stressors that the women 
included in the study were facing, which could be 
enormously different. However, an interesting 
study carried out in women, all subjected to the  
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same objective stressor, such as caring of a 
disabled spouse, found out that the final effects 
on health, did not rely on the nature of the 
stressor, which was the same, but rather on the 
perception and coping mechanism of the subjects 
facing that stress (Beach et al. 2000).  
Altogether, the results from the present study 
demonstrate that an inadequate response to stress 
has a profound impact on the oxidative and 
inflammatory stress state as well as on the 
functional capacity of immune cells.  Thus, the 
higher the perceived stress, the higher the 
oxidative and the inflammatory stress and the 
worse the immune function. In addition, high 
levels of perceived stress seem to be associated 
with an accelerated aging and, consequently, 
with a higher biological age, which (in the long 
term, if not treated) entails a shorter lifespan.  
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Abstract
Oxidative stress plays an essential and early role in the pathophysiology of Alzheimer’s disease (AD). 
Alterations in the redox state in AD and in mild cognitive impairment (MCI) patients appear in the brain 
and at peripheral level. Given that it is easier to study the latter, most of the research has been focused on 
plasma. However, the analysis of redox parameters in whole blood cells (including erythrocytes and 
leukocytes) has not really been investigated. Moreover, the association of these parameters with Mini-
Mental State Examination (MMSE) clinical scores, has scarcely been studied. Therefore, the aim of the 
present work was to analyze several redox markers in whole blood cells from male and female MCI and 
AD patients. Antioxidant (Superoxide Dismutase (SOD), Catalase (CAT), Glutathione Peroxidase (GPx)
and Reductase (GR) activities, and reduced glutathione (GSH) concentration) together with oxidant 
parameters (oxidized glutathione (GSSG) and thiobarbituric acid-reactive substances (TBARS) were 
investigated using MCI and AD (10 women and 10 men in each group) and their age-matched control 
groups (15 women and 15 men). The results show an altered redox state in whole blood cells from AD 
patients (higher CAT, GSSG/GSH, TBARS and lower GPx, GR, GSH). Some of these redox parameters 
are already affected in MCI patients (higher TBARS and lower GPx and GR activities) in both sexes and, 
consequently, they could be used as markers of prodromal AD. Since GR, GSH, GSSG and GSSG/GSH 
were found to be associated with MMSE scores, they seem to be useful clinically to monitor cognitive 
decline in AD progression.
Keywords: cognitive dysfunction, neurodegenerative diseases, preclinical markers, oxidative stress,
antioxidants, oxidants
Introduction
Due to the increasing average lifespan, the 
clinical relevance of Alzheimer Disease (AD) is 
exponentially rising and is expected to become a 
pandemic and public health burden. Thus, it is 
estimated that the prevalence of AD may reach 
>115 million worldwide by 2050 [1]. The
sporadic form, which is the most common cause
of AD (>95% of cases) has a late age of onset and
it is strongly associated with aging [2, 3]. One of
the main obstacles of a potential AD cure is that
it is only diagnosed in later stages of the disease,
in which there is already irreversible brain
damage. However, numerous longitudinal
follow-up studies clearly demonstrated that AD 
dementia is preceded by a long asymptomatic 
(preclinical) phase followed by a transitional 
stage with mild cognitive impairment (MCI) [4-
6]. Thus, this intermediate stage offers an 
important opportunity for possible diagnosis, 
prevention and therapeutic interventions. It is 
now recognized that only a combination of 
biomarkers will define a patient-specific 
signature to diagnose AD in the future [7].
Although the accumulation of amyloid and tau 
proteins is considered the core pathologic 
hallmark for AD, other factors such as oxidative 
stress and inflammation, contribute enormously 
to its complex pathophysiology. In this context,
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it is now well established that oxidative stress 
plays a pivotal role in the pathophysiology and 
the progression of AD. Nunomura et al. [8]
showed that oxidative stress in brain precedes the 
development of the neuropathological hallmarks 
of AD such as the extracellular senile plaques 
formed by amyloid-β peptide and the 
neurofibrillary tangles consisting of abnormally 
phosphorylated tau protein. In fact, some 
evidence has suggested that the ß-amyloid 
deposition in certain neurons may be considered 
an effort to protect these cells against damage 
due to oxidative stress [9-11]. Aβ deposition has 
also been associated with neuronal lipid, protein 
and DNA oxidation in animal models of AD [12-
14], whereas in humans, oxidative damage to 
biomolecules has also been reported in the brain 
of both AD and MCI patients [15, 16]. In 
addition, several studies have shown that the
oxidative alterations in AD and in MCI patients 
are not only limited to the brain but they have 
also been detected in the blood compartment [17-
19]. Nevertheless, both establishing the right 
pattern of redox markers to analyze as well as
choosing the most appropriate sample type
remain a challenge in AD. Most of the studies 
have been focused on the search for redox 
markers in plasma or serum [19, 20]. However, 
the redox status of erythrocytes is essential for 
adequate oxygen delivery to the whole body. In 
fact, an impaired oxygen delivery to the brain 
causing neuronal AD dysfunction, has been 
considered an important factor in AD [21].
Moreover, the redox state of immune cells has 
been shown to be crucial for their adequate
defensive functioning [17]. Actually, a higher 
oxidative stress has been linked to a premature 
immunosenescence in leukocytes from AD 
patients and to an uncontrolled higher release of 
pro-inflammatory mediators which also 
contribute to AD pathology [17].
Therefore, in order to identify non-invasive 
redox markers that can be used for an early 
diagnosis of AD, we decided to investigate 
several parameters of oxidative stress in whole 
blood cells (containing erythrocytes and 
leukocytes). Thus, antioxidant enzyme activities 
and compounds (superoxide dismutase, catalase, 
glutathione peroxidase, glutathione reductase 
and reduced glutathione concentrations) as well 
as pro-oxidant compounds (oxidized glutathione 
and TBA-reactive substances) were investigated 
in whole blood cells from MCI and AD patients. 
In addition, differences by sex were also 
considered. Moreover, the relationship between 
each of the redox parameters studied and the 
degree of cognitive performance assessed by the 
Mini-Mental State Examination (MMSE) were
also investigated.
Materials and Methods
Subjects and clinical classification. A total of 
70 volunteers were selected and divided into 
three experimental groups: control subjects 
(n=30), mild cognitive impairment (MCI) 
patients (n=20) and mild Alzheimer disease 
(mAD) patients (n=20). All subjects were 
recruited by the Neurology Department of the
Hospital 12 Octubre of Madrid. The AD 
diagnosis was established according to the 
guidelines of the National Institute on 
Neurological Disorders and Stroke and the 
Alzheimer’s Disease and Related Disorders 
Association (NINDS-ADRDA) [22]. For MCI 
subjects he following inclusion criteria applied: 
(a) memory complaint, corroborated by an
informant; (b) objective memory impairment
detected by neuropsychological evaluation; (c)
largely intact general cognitive function; (d)
essentially preserved activities of daily living;
and (e) non demented [23]. Disease severity and
normal cognitive function was determined by a
clinician´s judgment based on a structured
interview with the patient and the results of the
Spanish Version of the Clinical Dementia Rating
(CDR) and the Mini–Mental State Examination
(MMSE) tests [24]. The MCI group included
both amnestic and non-amnestic patients. In both
MCI men and women, the proportion of amnestic
subjects was 40%. Given that no statistically
significant differences in the markers
investigated were found between amnestic and
non-amnestic patients, data are shown together.
All subjects included in the study had at least, a
basic education and they were able to read and
write. Inclusion criteria for the age-matched
control group were no memory complaints and
with 0 score on the Clinical Dementia Rating
(CDR = 0) randomly chosen from the general
population. Demographic details and MMSE test
results of the different study groups are
summarized in Table 1. All subjects were
subjected to a clinical survey and physical
examination. Those with diabetes,
cardiovascular disease, cancer or chronic
inflammatory diseases were not included in this
study. All procedures were carried out according
to the Declaration of Helsinki, and approval was
obtained from the corresponding Research Ethic
Committees. Written informed consent was
obtained from all participants or representatives.
Extraction of human blood samples. Blood 
samples were obtained using sodium citrate as 
anticoagulant. Whole blood cells (including 
erythrocytes and total leukocytes) were obtained 
as previously described [25]. Aliquots of 
peripheral blood were diluted 1:1 in RPMI 1640 
(Gibco, Canada) and were incubated 4 h at 37ºC
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in a saturated atmosphere of humidity and CO2.
After centrifugation at 900g 10 min, plasma was 
removed and whole blood cell pellets were stored 
at -80ºC until used.
Superoxide dismutase activity. Superoxide 
dismutase (SOD) activity was measured using a 
quantitative colorimetric assay kit 
(EnzyChrom™ ESOD-100, BioAssay Systems, 
Hayward, CA).
Catalase activity. Catalase (CAT) activity was 
quantified as previously reported by Beers and 
Sizer [26] with some modifications [25]. Whole 
blood cells were resuspended in oxygen-free 
phosphate buffer (pH 7.4 50mM). Then, they 
were sonicated, centrifuged at 3200g 20 min and 
supernatants were obtained. H2O2 (14mM) was 
used as substrate. Supernatants were diluted 
1:1000 prior the assay. The reaction was 
calculated by following the absorbance decline at 
240 nm over 80 seconds. In the same samples, 
protein concentration was calculated (BCA 
protein assay kit (Sigma-Aldrich) and the results 
are expressed as units (U) of catalase 
activity/milligram of protein (U CAT/mg 
protein).
Glutathione peroxidase activity. Glutathione 
peroxidase (GPx) activity was analyzed by using 
a previous method [27] with some modifications
[25]. Whole blood pellets were resuspended in 
oxygen-free phosphate buffer (pH 7.4 50 mM). 
Then, they were sonicated and after 
centrifugation at 3200g at 4 °C for 20 min, 
supernatants were collected. Human 
supernatants were diluted 1:30 prior the assay. 
Cumene hydroperoxide was used as substrate 
(cumene-OOH; Sigma). The activity was 
followed measuring the absorbance decline at 
340 nm over 5 min. Protein concentration was 
calculated as described above. The results are 
expressed as units (U) of glutathione peroxidase 
activity/milligram of protein (U GPx/mg 
protein).
Glutathione reductase activity. Glutathione 
reductase (GR) activity was analyzed following 
a method previously described [28] with some 
modifications [25]. Whole blood cells were 
resuspended in oxygen-free phosphate buffer 
(pH 7.4 50 mM). Then, they were sonicated, 
centrifuged at 3200g at 4 °C 20 min and 
supernatants were collected. Human 
supernatants were diluted 1:5 prior the assay. 
Oxidized glutathione (GSSG) (80 mM) was used 
as substrate and, by following the absorbance 
decline at 340 nm over 5 min, the activity was 
calculated. Protein concentration was evaluated 
as described above. The results are expressed as 
units (U) of Glutathione reductase/per milligram 
of protein (U GR/mg protein).
Glutathione concentration. Both reduced 
glutathione (GSH) and oxidized glutathione 
(GSSG) were measured following a fluorometric 
assay [29] with some modifications [25]. This 
method relies on the reaction capacity that 
glutathione (both GSSG and GSH) shows with o-
phthalaldehyde (OPT), at pH 12 and pH 8, 
respectively, forming a fluorescent compound. 
Whole blood cells were resuspended in 
phosphate buffer (pH 8 50 mM EDTA 0.1 M). 
Then, samples were sonicated, 7.5 μL of HClO4 
(60%) were added and they were centrifuged 10 
min at 9500g. 10 μL from supernatants were 
dispensed into 96 black plates. For GSH 
quantification, OPT (1 mg/mL) was dispensed 
into the wells. For the quantification of GSSG, 
N-ethylmaleimide (NEM, 0.04 M) was dispensed
into each well and after a 30 min incubation,
NaOH (pH 12) and OPT were added. After 15
min incubation with OPT, fluorescence was
measured at 420 nm. Protein concentration was
calculated as described above. Results are
expressed as nmol of GSSG/mg protein or
GSH/mg protein. In addition, GSSG/GSH ratio
was calculated for each sample.
TBA-reactive substances (TBARS)
concentration. Quantification of TBARS was
achieved using the commercial kit “Lipid
peroxidation (MDA) Assay Kit” (Biovision,
USA). To prevent further peroxidation of lipids
during the preparation of the sample or during the
heating step, the antioxidant butylated hydroxy-
toluene (BHT) was added to the lysis buffer at a
final concentration of 0,1 mM. Briefly, peritoneal
leukocytes and whole blood cells were
resuspended in 300 μl MDA lysis buffer
(containing BHT), sonicated and centrifuged at
13000g for 10 min. Supernatants were collected,
mixed with thiobarbituric acid (TBA) and
incubated in a water bath at 95°C for 60 min.
Then, after centrifugation at 13000g 10 min,
supernatants were obtained, added into a 96-well
plate and absorbance at 532nm was measured.
Protein concentrations were calculated as
described above. Because TBA reacts with more
aldehydes than malondialdehyde, we will refer to
the results obtained as TBA-reactive substances,
even though the concentrations were related to a
standard curve using malondialdehyde alone, and
therefore, the results are expressed as nmol
MDA/mg protein.
Statistical Analysis. Statistical analysis of the 
results was performed with SPSS 21.0 (SPSS, 
Chicago, USA) software. For comparison of 
variables, the nonparametric Kruskal-Wallis test 
was carried out followed by Mann-Whitney U 
test to determine significant differences between 
groups. The Pearson correlation coefficient was 
used to test for correlation between parameters. 




Table 1. Demographic data and cognitive performance of control group, mild cognitive impairment (MCI) 
patients and Alzheimer´s disease (AD) patients. F: female; M: male; MMSE: Mini-Mental State Examination; CDR: 
Clinical Dementia Rating. Data of age and MMSE score are reported as the first and third quartile, respectively. All 
control individuals had a CDR score of 0, MCI subjects of 0.5 and AD patients of 1. N.e = not evaluated.
Results
The main characteristics of the three groups of 
individuals enrolled in this study are reported in 
Table 1. There was the same proportion of men
and women in each group. The three groups 
comprised subjects from the same age interval. 
Compared to healthy controls, a higher 
proportion of patients with MCI and AD were 
ApoE34 carriers. The results regarding 
antioxidant parameters are shown in Figure 1. 
AD patients showed higher CAT activity (P < 
0.001) and lower GPx and GR activities and GSH 
concentration (P < 0.001) than age-matched 
controls, and even lower GPx activity and GSH 
concentration than MCI patients (P < 0.01). MCI 
patients also showed higher CAT activity (P < 
0.001) and lower GPx and GR activities (P < 
0.001) than controls. With respect to oxidant 
parameters (Figure 2), AD patients showed 
higher GSSG, GSSG/GSH ratio and TBARS
concentrations (P < 0.05 for GSSG; P < 0.001 for 
GSSG/GSH and TBARS) than age-matched 
controls. MCI patients showed higher
GSSG/GSH ratio (P < 0.01) and TBARS
concentration (P < 0.001) than controls. Within 
MCI and AD groups, subjects were further
classified depending on the ApoE genotype,
although no non-statistically significant 
differences were found in any redox marker due 
to the presence of ApoE33 or 34 genotype.
Figure 1. Antioxidant parameters in blood cells from Mild Cognitive Impairment (MCI) and Alzheimer´s 
Disease (AD) patients versus age-matched controls. A) Superoxide Dismutase activity; B) Catalase activity; C) 
Glutathione Peroxidase activity; D) Glutathione Reductase activity; E) Reduced glutathione concentration. The central 
rectangle spans the first to the third quartile (the interquartile range or IQR) and the horizontal bar depicts the median 
of data. Error bars depict the highest and lowest point within each data set. ***: P < 0.001 with respect to age-matched 
controls.  ##: P < 0.01 with respect to MCI patients.
Control  MCI AD
N (F/M) 30 (15/15) 20 (10/10) 20 (10/10)
Age (years) 72.00 - 76.00 74.00 - 76.75 72.00 - 76.00
MMSE score n.e. 24.00 - 26.00 17.00 - 24.00
CDR score 0 0.5 1
ApoE34/ApoE33 1/29 7/13 6/14
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Figure 2. Oxidant parameters in blood cells from Mild Cognitive Impairment (MCI) and Alzheimer´s Disease 
(AD) patients versus age-matched controls. A) Oxidized glutathione (GSSG) concentration; B) GSSG/GSH ratio; 
C) TBA-reactive substances concentration. The central rectangle spans the first to the third quartile (the interquartile
range or IQR) and the horizontal bar depicts the median of data. Error bars depict the highest and lowest point within
each set of data. *: P < 0.05; **: P <0.01; ***: P < 0.001 with respect to age-matched controls.
Previous data were analyzed including total 
population. Then, an additional analysis was 
performed subdividing groups by sex. With 
respect to sex-related differences in antioxidant 
parameters (Figure 3), control men showed 
higher SOD and GR activities (P < 0.01; P < 
0.05) and lower CAT (P < 0.05) than control 
women. Within MCI and AD patients no 
significant differences in antioxidant parameters 
were found due to sex. Nevertheless, AD women 
showed higher SOD and CAT activities (P <
0.01; P < 0.05) and lower GPx, GR and GSH 
concentration (P < 0.05) than age-matched 
control women. AD men showed higher CAT 
activity (P < 0.001) and lower GPx, GR and GSH 
(P < 0.001) than age-matched control men and
also lower GPx (P < 0.001) and GSH (P < 0.05) 
than MCI men. With respect to individuals with 
mild cognitive impairment, MCI women showed 
lower GPx and GR activities (P < 0.01; P < 0.05; 
respectively) than control women, whereas MCI 
men showed higher CAT (P < 0.001) and lower
GPx (P < 0.05) and GR activities (P < 0.01) than 
control men.
Figure 3. Antioxidant parameters in blood cells from men (grey boxes) and women (white boxes) with Mild 
Cognitive Impairment (MCI) and Alzheimer´s Disease (AD) versus age-matched controls. A) Superoxide 
Dismutase activity; B) Catalase activity; C) Glutathione Peroxidase activity; D) Glutathione Reductase activity; E) 
Reduced glutathione concentration. The central rectangle spans the first to the third quartile (the interquartile range or 
IQR) and the horizontal bar depicts the median of data. Error bars depict the highest and lowest point within each set 
of data. *: P < 0.05; **: P <0.01; ***: P < 0.001 with respect to age and sex-matched controls.  #: P < 0.05; ###: P < 
0.001 with respect to sex-matched MCI patients. +: P < 0.05; ++: P < 0.01 between sexes within the same group.
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With regard to oxidant parameters (Figure 4), no
statistically significant differences were found 
within sexes, either in control, MCI and AD 
groups. However, both AD men and women 
displayed higher GSSG/GSH ratios (P < 0.05; P 
< 0.01; respectively) and higher TBARS (P <
0.01) than their controls. In addition, both MCI
men and women showed higher TBARS (P < 
0.05; P < 0.01; respectively) than their sex-
matched controls.
In addition, the individual association of each 
redox parameter with cognitive decline was 
further investigated to order to identify which
redox marker can be used to distinguish between 
MCI and AD patients. For this purpose, the 
Pearson correlation coefficient was calculated for 
each redox marker and the MMSE scores
obtained for MCI and AD groups together,
including men and women. Regarding 
antioxidant parameters, a statistically significant 
positive correlation was found between GR 
activity and GSH concentration (R=0.350, R= 
0.371, P < 0.05) and MMSE score. With respect
to oxidant parameters, a statistically significant 
negative correlation was found between GSSG 
concentration and GSSG/GSH ratio (R=-0.373, 
R=-0.332, P < 0.05) and MMSE score.
Figure 4. Oxidant parameters in blood cells from men (grey boxes) and women (white boxes) with Mild Cognitive 
Impairment (MCI)) and Alzheimer´s Disease (AD) versus age-matched controls. A) Oxidized glutathione (GSSG) 
concentration; B) GSSG/GSH ratio; C) TBA-reactive substances concentration. The central rectangle spans the first to 
the third quartile (the interquartile range or IQR) and the horizontal bar depicts the median of data. Error bars depict 
the highest and lowest point within each set of data. *: P < 0.05; **: P <0.01 with respect to age and sex-matched 
controls.
Discussion
Research on Alzheimer’s disease (AD) is moving 
forward at a very rapid pace. Clinical 
investigators are trying to move the diagnostic 
threshold for dementia and AD back to earlier 
stages of progression, while other scientists are 
correspondingly attempting to define biomarkers 
and genetic susceptibilities that will add 
specificity to the clinical diagnoses. As such, 
research in MCI will be likely to push back the 
threshold of recognition to an earlier state in the 
disease process to allow intervention at an earlier 
point than is currently done in typical AD clinical 
trials [30]. 
In AD, oxidative stress is one of the earliest 
events occurring prior to the onset of symptoms 
and it has been recognized as an essential 
contributor to the pathogenesis and progression 
of the disease [8, 31, 32]. Products of free radical 
damage, such as aldehydes or lipid 
hydroperoxides, may diffuse into the blood 
where they can be detected. Moreover, it has 
been found that blood-brain barrier (BBB) 
permeability significantly increases in both AD 
and vascular dementia as compared to aging 
controls [33, 34]. Increased BBB permeability 
has been shown to trigger a chain of events 
leading to neuronal dysfunction and damage, as 
well as to specific clinical syndromes, including 
dementia [35]. In this context, oxidative stress 
has been shown to contribute to an increase in
BBB permeability [36]. Consequently, oxidative 
stress parameters represent potential biomarkers 
in blood for diagnosis of AD. In addition, other 
diseases accompanied by free radical production, 
such as diabetes or cardiovascular diseases, may 
influence the presence of free radical products in 
the blood. This could explain the fact that the 
results of oxidative stress markers in AD, in 
several studies, have not been consistent using
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blood samples [37]. Another limitation towards 
the establishment of oxidative stress markers for 
an early AD diagnosis relies on the use of 
different sample types of study, such as plasma, 
serum, mononuclear blood leukocytes, isolated 
erythrocytes or whole blood cells (containing 
leukocytes and erythrocytes). Thus, most of the 
studies have been focused on plasma and serum 
samples [38-46]. However, the redox status of 
plasma is highly influenced by diet, and most 
antioxidant enzymatic defense systems and 
compounds are intracellular. In a previous study 
from our group, it was demonstrated that the 
redox state of whole blood cells (erythrocytes 
and leukocytes) reflects that of isolated 
neutrophils, evidenced by higher GSSG/GSH 
ratio and MDA concentration in severe AD 
patients compared to mild AD patients and 
controls [17]. Therefore, in the present study 
whole blood cells were used given that this 
sample type is clinically more feasible, 
reproducible, cost effective, easy to implement 
and apply, compared to purified and isolated 
neutrophils and mononuclear blood leukocytes
[17].
The results from the present study highlight the 
existence of an altered redox status in whole 
blood cells from AD patients and interestingly, 
some of the altered redox parameters are already 
affected in MCI patients. Given that the 
regulation of the redox balance in bloodstream is 
complex and in order to have a wide picture,
several antioxidant and oxidant parameters were 
investigated in the present study. The results 
reveal that AD patients have higher CAT
activity, GSSG and TBARS concentrations, and
GSSG/GSH ratios, and lower GPx and GR
activities, and GSH concentrations, compared to 
age-matched controls. In addition, MCI patients 
have a higher CAT activity and TBARS 
concentration, and lower GPx and GR activities 
than age-matched controls.
Regarding antioxidant enzyme activities, which 
constitute the first line of defense against 
generation of free radicals, we found striking 
differences. The significance of antioxidant 
changes upon conditions of oxidative stress is 
strongly under debate, since antioxidants might 
be induced by oxidative stress (and therefore 
their activity/levels may increase) or else be 
consumed (thus decreasing their activity and 
levels) [47]. Our results demonstrate that SOD 
activity was similar between MCI and AD 
patients and control individuals, which agrees 
with previous reported results [48-50], although 
higher SOD activity was found in AD women 
compared to age and sex-matched controls. Other 
studies have also found higher SOD activity in 
erythrocytes from AD patients by analysing total 
population, which consisted mainly of women 
[51, 52]. With respect to CAT activity, both MCI 
and AD patients show higher catalase activity, 
which has also been found in other studies [52,
53]. This higher enzymatic activity could 
probably be a compensatory mechanism to 
counteract the increased H2O2 that has been 
reported in these patients. On the contrary, GPx
activity was found to be lower in MCI and AD 
patients compared to control subjects, as has 
been previously reported [50]. Both CAT and
GPx catalyse the conversion of H2O2 into water. 
The question is why does CAT activity increase, 
and GPx decrease in MCI and AD patients? From 
a kinetic point of view, GPx has a much higher 
affinity for H2O2 than CAT, therefore, H2O2 is 
principally degraded by GPx in normal 
conditions. However, when the H2O2
concentration increases, as in severe oxidative 
conditions, the CAT contribution for its 
degradation concomitantly increases [54]. In 
addition, CAT mediates conversion of H2O2 into 
water without requiring additional reducing 
equivalents and thus, no energy is required from 
the cell [55]. Therefore, this could be the reason 
why CAT activity is enhanced and GPx activity 
is diminished in both MCI and AD patients. 
Moreover, GPx also catalyzes the reduction of 
lipidic peroxides in addition to H202, thus acting 
on more sensitive cellular targets. McCay et al. 
[56] showed that GPx protects biological
membranes by preventing lipid peroxidation
propagation. Thus, the impaired GPx activity
found in blood cells from MCI and AD patients
would exacerbate the accumulation of lipid
peroxidation products. In fact, in the present
study, it was found that MCI and AD patients
have higher TBARS concentrations in whole
blood cells compared to age and sex-matched
controls. Given that lipid peroxidation is a
damage marker of oxidative stress, it has been
proposed as one of the most promising markers
in AD diagnosis [57]. Some authors suggested
that lipid peroxidation in the brain might be one
of the factors responsible for cognitive
deterioration, and a negative correlation between
MDA concentration in plasma and severity of the
AD stage has been reported [37, 53, 57, 58].
However, we found no association between
TBARS concentration in blood cells and MMSE
scores, which could be due to the lack of AD
patients in more advanced stages of the disease.
The glutathione cycle is one of the most
important intracellular mechanisms that play a
key role in the preservation of an adequate
intracellular redox state [59]. In the present
study, AD patients showed lower GR activities
and GSH concentrations, together with higher
GSSG concentrations and GSSG/GSH ratios.
Nevertheless, MCI patients only showed lower
GR activity compared to age-matched controls.
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Thus, these results suggest that this activity gets 
impaired in early stages of the disease whereas in
more advanced stages of AD an accumulation of 
GSSG and an exhaustion of GSH occur.
Interestingly, the parameters involved in the 
glutathione cycle (GR, GSH, GSSG, 
GSSG/GSH) were the most directly related to the 
degree of cognitive impairment, measured by 
MMSE, in accordance with other studies [60,
61].
With respect to AD prevalence, it is known that 
its incidence is higher in women than in men and 
this cannot simply be attributed to the higher 
longevity of women versus men, because it is 
also higher in young ages [62]. Thus, there must 
be a specific pathogenic mechanism to explain 
the higher incidence of AD cases in women. The 
results from the present study demonstrate that in 
the absence of pathology there are statistically
significant differences in antioxidant activities
due to sex, whereas in MCI and AD individuals 
these differences were not longer noticeable. It 
has been suggested that sex-related differences
could be related to the role of sexual hormones.
Estrogens are known to up-regulate the 
expression of SOD and GPx [62]. However, post-
menopausal women experience a sharp fall in
estrogens whereas men generally experience a 
more gradual age-related decline in testosterone
[63]. This difference between how rapidly and 
significantly the female versus male primary sex 
hormones decline could explain in part why 
women are more vulnerable to oxidative stress in 
the elderly and why the incidence of AD is higher 
in women than in men. 
Despite not having found sex-related differences
between MCI and AD individuals, it was 
observed that whereas the alterations in 
antioxidant defense mechanisms were more 
significant in AD men than in AD women in 
comparison to their respective controls (such as 
higher CAT and lower GPx and GR activities and 
GSH concentration), the increase in oxidant 
compounds was more significant in AD women 
than in AD men (in GSSG/GSH ratios and
TBARS concentrations) compared to their 
respective controls. Thus, these results suggest 
that the increased oxidative damaged products 
found in women, are not the result of an impaired 
antioxidant defense system but rather the 
consequence of the overproduction of reactive 
oxygen species, as has been previously suggested 
[64]. According to this, it has been reported that 
mitochondria from old female mice produce 
more ROS in the presence of Aβ peptide than 
those from old male mice [62].
In addition to age and sex, the presence of the ε4 
allele in apolipoprotein E (APOE) gene has been 
recognized as a major risk for sporadic AD [65–
67]. However, its relationship with oxidative 
stress is controversial. A few studies have found 
a relationship between the ε4 allele APOE
genotype and peripheral markers of oxidative 
damage, such as higher hydroxyl radical levels
[68] and MDA [40] in plasma than those without
this allele. However, others have found no
differences [69], similar to that observed in the
present study. The lack of statistically significant
differences in our study could be due to the small
number of patients with the ε4 allele in APOE.
In conclusion, the major strength of our study is 
that we performed analysis in blood cells from 
patients with MCI and AD. With this kind of 
sample, we have demonstrated that some redox 
markers were affected in AD patients (lower GPx 
and GR activities and GSH concentrations and 
higher CAT activity and TBARS concentrations)
with respect to control age-matched individuals.
Interestingly, some of these markers were 
already altered in MCI patients from both sexes
(such as GPx and GR activities and TBARS
concentration) and therefore, could be used for 
early diagnosis of AD. In addition, other redox 
markers such as GR activity, GSH and GSSG
concentrations and GSSG/GSH ratios were 
found to be associated with cognitive decline.
Even though these associations were modest due 
to the small sample size included in the present 
study, our data highlight the importance and the 
impact of peripheral redox state and homeostatic
systems during the early cognitive decline 
leading to dementia. However, because oxidative 
stress and damage occur in several diseases 
(including other types of dementia), another 
group of demented subjects, distinct from AD, 
should be included in future studies. Still, given 
the easy obtainability of the sample type used and 
the simplicity of the assays performed, the 
combination of some redox whole blood cell
markers, such as GPx and GR activities and 
TBARS concentration could be used to define 
their MCI stage. However, others like GR 
activity, GSH and GSSG concentrations and 
GSSG/GSH ratios have potential to be used in
monitoring the progression of AD, once the 
pathology is established, in the clinical setting. 
Thus, we believe that the integration of several of 
the investigated parameters into a mathematical 
model could be used as a more reliable and 
consistent tool in the clinical setting.  
Nevertheless, a longitudinal design should be 
performed in order to elucidate the relationship 
between these markers and the course of the 
disease. Thus, although preliminary, these results 
could provide a benchmark for future work 
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Abstract 
Several parameters of immune function, oxidative and inflammatory stresses have been proposed as
markers of health and predictors of longevity and mortality. However, it is unknown if any of these
parameters can be predictive of survival in centenarians. Therefore, in a group of 27 centenarians, at the
time of admission to the Clinical Hospital of Madrid, a series of immune function, antioxidant, oxidant and
inflammatory parameters, were studied. Some centenarians survived and others did not, establishing two
groups, "survivors" (n = 9) and "non-survivors" (n = 18). The results show that surviving centenarians
display higher neutrophil chemotaxis and microbicidal capacity, NK activity, lymphoproliferation,
glutathione reductase activity and basal IL-10 release. Moreover, they show lower neutrophil and
lymphocyte adherence, superoxide anion and malondialdehyde concentrations and basal release of TNF-α.
Therefore, these parameters have the potential to be used in the clinical setting as predictors of survival in
centenarians. In the survivors group, the same parameters were also analyzed after three months. Since
survivors showed an increase in neutrophil and lymphocyte chemotaxis capacity during the recovery period,
reaching similar values to those observed in healthy centenarians, these could be proposed as indicators of
recovery.
Keywords:  longevity, odds ratio, survival prediction
INTRODUCTION 
Centenarians are the best example of successful
aging, given that they largely avoided the age-
related diseases responsible for the high
morbidity and mortality of aging and have
reached the extreme limit of life in good clinical
condition [1]. Thus, these individuals not only
escape the typical infections of the elderly, but
also show a peculiar resistance against most
common age-related diseases through life, such
as cancer, cardiovascular disease, dementia,
diabetes and cataracts [2-4]. Consequently, in
these individuals, morbidity is compressed
toward the end of life (that is, health span
approximates to life span) and then, there is a
rapid onset of decline in the functional state
which usually ends up in hospitalization and
death. However, given that over the last decades
there were not many centenarians, knowledge of
evidence-based health care in centenarians is still
poor [5].
Nevertheless, given that the number of
centenarians is projected to rise rapidly over the
next few years [6,7], there is an urgent need to
identify prognosis markers of outcome in this
extreme long-lived group, due to the increasing
evidence suggesting the different significance of
health indicators in centenarians with respect to
younger seniors [8, 9]. As such, traditional
metabolic indices like glucose, triglycerides,
cholesterol and creatinine levels have been found
to be limited as prognostic markers in
centenarians [8, 10]. Moreover, whereas high
systolic blood pressure in adulthood is associated
with an early mortality, in centenarians it has
been found to be a strong predictor of survival for



























































una  serie  de  parámetros  de  función  y  de  estrés  oxidativo  en  células  inmunitarias  como 











Para  dar  respuesta  al  primer  sub‐objetivo:  ¿Algunos  parámetros  de  función 
inmunitaria en leucocitos de sangre periférica en humanos y del peritoneo en ratones pueden 
ser  usados  como  marcadores  de  edad  biológica?,  se  procedió  a  la  determinación  de  la 
capacidad de migración de linfocitos y fagocitos, la capacidad de ingestión de partículas extrañas 
de  fagocitos,  la  actividad  citotóxica  Natural  Killer,  así  como  la  capacidad  de  respuesta 
proliferativa  de  linfocitos  en  células  procedentes  de  sangre  periférica  en  humanos  y  del 
peritoneo en ratones. Los análisis se realizaron a diferentes edades (adultos, maduros, mayores 
y  longevos)  de  forma  transversal  en  humanos,  y  en  un  estudio  longitudinal,  a  las  edades 
correspondientes,  en  ratones.  Estas  funciones  también  se  valoraron  en  ratones  adultos  con 
envejecimiento prematuro.   
Los  resultados  demuestran  que,  al  avanzar  la  edad,  tiene  lugar  un  deterioro  de  la 
capacidad de migración de los leucocitos hacia el foco de infección, tanto en los linfocitos como 












longevos  e  individuos  centenarios  (Alonso‐Fernández,  2006;  Alonso‐Fernández  et  al.  2008; 
Borras et al. 2016). A pesar de que en un principio se creía que los fagocitos jugaban un papel 
menos crucial en la disfunción inmunológica que se produce al avanzar la edad, investigaciones 
más  recientes han apuntado al  declive en estas  células de  varias  funciones entre  las que  se 
incluyen la quimiotaxis y la capacidad fagocítica. Esta sería una de las razones del aumento de 
la  susceptibilidad  y  vulnerabilidad  a  las  infecciones  bacterianas  y  víricas  que  presentan  los 
ancianos, y que constituye la causa más frecuente de muerte en los individuos de edad avanzada 
(Ginaldi et al. 1999a; Lord et al. 2001; Fulop et al. 2004; De la Fuente et al. 2004b; 2005; 2008b). 
Así,  de  forma  similar  al  deterioro  observado  en  la  capacidad  de  quimiotaxis  en  fagocitos, 
también se demostró que tiene lugar un deterioro de la capacidad fagocítica de los mismos al 






adecuada  capacidad  fagocítica,  confirmando  lo  observado  en  estudios  previos  (Alonso‐
Fernández et al. 2008; Arranz et al. 2010a). 
























podrían  presentar  una  dinámica  de  proliferación  distinta  a  la  que  resulta  óptima  en  otras 
edades, hecho en el cual se profundizó en el segundo objetivo de la presente tesis. 














de  defensas  antioxidantes  (actividad  catalasa  (CAT),  glutatión  peroxidasa  (GPx),  glutatión 
reductasa (GR), así como concentración de glutatión reducido (GSH)) y compuestos oxidantes 
(concentración de anión  superóxido,  glutatión oxidado  (GSSG)  y malondialdehído  (MDA))  en 
sangre  periférica  de  humanos  y  en  leucocitos  peritoneales  de  ratones.  Las  valoraciones  se 
realizaron de manera transversal en hombres y mujeres a diferentes edades (adultos, maduros, 
mayores  y  longevos)  y  longitudinal  en  ratones  a  las  correspondientes  edades.  Los  mismos 
parámetros fueron también valorados en ratones adultos con envejecimiento prematuro.   
  Los  resultados  obtenidos  demuestran  que,  al  avanzar  la  edad,  tiene  lugar  una 
disminución  de  las  actividades  de  las  enzimas  antioxidantes  CAT  y  GPx,  tanto  en  células 









longevos  tienen  ambas  actividades  muy  elevadas,  siendo  éstas  incluso  superiores  a  las 
detectadas en adultos, hecho que sugiere que estas enzimas podrían jugar un papel importante 
en  el  hecho  de  alcanzar  una  elevada  longevidad.  En  consonancia  con  esta  idea,  se  ha 
comprobado  que  aquellos  ratones  transgénicos  que  sobreexpresan  catalasa  presentan  un 







el  correcto  funcionamiento  de  las  células  inmunitarias  ya  que  se  ha  demostrado  que  una 
disminución del mismo, aunque sea moderada, inhibe tanto la proliferación de los linfocitos T 
como la actividad NK (Dröge et al. 1994). Sin embargo, los individuos longevos mostraron ambas 
defensas antioxidantes con valores similares a  los observados en adultos,  lo que explicaría  la 
adecuada actividad proliferativa y citotóxica de sus células inmunitarias, como se comprobó en 
el  primer  sub‐objetivo.  De  acuerdo  con  estos  resultados,  en  otros  estudios  también  se  ha 
observado  una  mayor  actividad  GR  en  centenarios  en  comparación  con  sujetos  de  edades 
avanzadas (Andersen et al. 1998; Klapcinska et al. 2000).  En ratones longevos se ha comprobado 




























han sido determinados en  la totalidad de  las células sanguíneas  (incluyendo tanto eritrocitos 




























muy  elevadas  y  compuestos  oxidantes  bajos.  Por  tanto,  estos  resultados  sugieren  que  la 
capacidad  de  aumentar  la  actividad  de  las  enzimas  antioxidantes  en  edades  avanzadas  es 
fundamental para alcanzar una gran longevidad. A pesar de que los mecanismos moleculares 
que podrían  subyacer a dicha adaptación no han sido  investigados en este objetivo, algunos 
mediadores  como  las  citoquinas  podrían  jugar  un  papel  primordial  dada  su  capacidad  de 
señalización y mediación funcional para muchas células. Este aspecto se tratará en el siguiente 
objetivo. 
  Por  tanto,  se demuestra que  los parámetros  estudiados de  función  inmunitaria  y de 
estrés  oxidativo  tienen  potencial  para  ser  utilizados  como  marcadores  de  la  velocidad  de 
envejecimiento ya que experimentan cambios asociados a la edad (disminuyen o aumentan a 
medida  que  el  individuo  envejece)  y  aquellos  individuos  que  logran  alcanzar  una  elevada 
longevidad y que, por tanto, tienen un envejecimiento saludable, muestran dichos parámetros 
con valores de adultos sanos. 




un  modelo  natural  de  ratones  adultos  prematuramente  envejecidos  (PAM,  del  inglés, 
“Prematurely Aging Mice”). Así, se observó que estos PAM, a pesar de ser adultos, presentaban 
una capacidad proliferativa de linfocitos en respuesta a Con A, una actividad citotóxica Natural 
Killer,  una  capacidad de quimiotaxis,  tanto en  linfocitos  como en macrófagos,  así  como una 
fagocitosis de macrófagos con valores similares a los observados en ratones cronológicamente 














sistema  inmunitario,  se  ha  demostrado  que  los  PAM  tienen  también  alterados  el  sistema 
nervioso  y  el  endocrino,  así  como  la  comunicación  neuroimmunoendocrina  entre  dichos 
sistemas (Viveros et al. 2001; Viveros et al. 2007; De la Fuente y Giménez‐Llort, 2010; Vida et al. 
2014; De La Fuente, 2018a). Sin embargo, se desconoce qué es lo que sucede primero en este 
contexto.  Si  bien  son  las  alteraciones neuroquímicas a nivel de  sistema nervioso, que  serían 
responsables  de  la  inadecuada  respuesta  a  una  situación  estrés,  las  que  se  traducen  en  un 
deterioro de la función inmunitaria o si bien es la desregulación del sistema inmunitario la que 
ocurre  primero  y  se  traduciría  en  una  mala  respuesta  al  estrés.  No  obstante, 
independientemente del orden en el que sucedan los hechos, se ratifica que los parámetros de 
función y de estrés oxidativo del sistema inmunitario resultan ser válidos como marcadores de 


















atención  fue  el  hecho  de  que  los  individuos  longevos  (tanto  ratones  como  humanos) 




de  que  estos  individuos  podrían  presentar  una  dinámica  proliferativa  distinta,  como  un 
mecanismo  de  adaptación  a  esa  elevada  longevidad,  como  previamente  ya  habían  sugerido 
algunos autores (Franceschi et al. 1995; 1996). Por consiguiente, para dar respuesta al primer 
sub‐objetivo:  ¿La  proliferación  de  linfocitos  y  la  liberación  de  mediadores  pro‐  y  anti‐








al.  2013).  No  obstante,  este  es  el  primer  trabajo  en  demostrar  que  tras  4  y  24  horas  de 
estimulación,  los  linfocitos  procedentes  de  ratones  viejos  también  presentan  una  menor 
respuesta  proliferativa  que  cuando  eran  adultos.  Previamente  se  ha  sugerido  que  el  estrés 
oxidativo  afecta  a  la  capacidad  de  los  linfocitos  para  responder  a  un  estímulo mitogénico  y 
antigénico (Gougerot‐Pocidalo et al. 1988; Pahlavani y Harris, 1998; Schieber y Chande, 2014), 
por  lo que el  aumento del  estrés oxidativo que  tiene  lugar al  avanzar  la  edad en  las  células 
inmunitarias, como se ha observado en el primer objetivo de la presente tesis, podría ser una 






sus  linfocitos,  aunque  con  una  dinámica  diferencial.  Así,  en  estos  animales  se  observó  una 
proliferación más  elevada  después  de  4  y  24  horas  de  estimulación  con  Con  A  que  la  que 
















mecanismo  desempeña  un  papel  clave  en  el  mantenimiento  de  la  homeostasis  del  sistema 







de  estas  citoquinas  sufren  alteraciones  (Franceschi  y  Bonafe,  2003; De Martinis  et  al.  2006; 
Salvioli  et  al.  2006; De  La  Fuente  y Miquel,  2009;  Arranz  et  al.  2010b).  La mayoría  de  estos 
estudios se han centrado en el análisis de la liberación de citoquinas en poblaciones aisladas de 
células  inmunitarias  (Salvioli  et  al.  2006)  y  tras  48  horas  de  cultivo  en  presencia  de  una 
estimulación mitogénica (Arranz et al. 2010b). Por tanto, los resultados de este sub‐objetivo son 
de especial relevancia, ya que se investigaron los cambios asociados a la edad en la liberación 
de  citoquinas  en  cultivos  con  todos  los  leucocitos  peritoneales,  para  reproducir  con mayor 
precisión la respuesta que tiene lugar “in vivo”, y tras diferentes tiempos de incubación. Así, se 
observó  que,  la  liberación  de  citoquinas  en  respuesta  a  Con  A  era menor  en  linfocitos  de 
ratones viejos, tanto de pro‐inflamatorias como anti‐inflamatorias, en comparación con cuando 










una  liberación  de  citoquinas  similar  a  la  que  presentaban  cuando  eran  adultos,  resultados 
coincidentes con los obtenidos previamente en estudios transversales (Arranz et al. 2010b).  
  En el contexto de los cambios asociados a  la edad en la proliferación de linfocitos,  la 
mayoría de las investigaciones se han centrado en esta capacidad en respuesta a un estímulo, 
mientras que apenas hay  trabajos que hayan  investigado  la proliferación de  los  linfocitos en 
ausencia  de  estimulación,  esto  es,  en  condiciones  basales.  No  obstante,  el  estudio  de  la 
linfoproliferación  en  condiciones  basales  podría  ser  un  marcador  útil  de  la  velocidad  de 
envejecimiento, dado que proporciona  información acerca del posible daño  interno que está 
tratando de combatir el sistema inmunitario. En este contexto, se ha descrito que los patrones 
moleculares  asociados  al  daño  (del  inglés,  “Damage‐associated molecular  patterns:  DAMPs) 
aumentan al avanzar la edad como resultado de la mayor degeneración tisular y que son capaces 
de  desencadenar  una  activación  de  la  respuesta  proliferativa  a  través  de  la  liberación  de 
citoquinas  pro‐inflamatorias  (Shaw  et  al.  2013).    Los  resultados  del  presente  sub‐objetivo 
mostraron que los linfocitos procedentes de ratones viejos tienen un aumento significativo de 
la  proliferación  basal  con  respecto  a  cuando  eran más  jóvenes,  mientras  que  los  linfocitos 
procedentes  de  ratones  longevos manifiestan  una  proliferación  basal  similar  a  cuando  eran 
adultos.  Estos  resultados  sugieren  que  los  leucocitos  peritoneales  de  ratones  viejos  se 
encuentran activados en ausencia de estimulación, posiblemente debido a la mayor presencia 



















otros  autores  (Franceschi  et  al.  2000a;  Bauer  y  De  La  Fuente,  2016).  A  pesar  de  que  la 
inflamación crónica de bajo grado es una característica común de las personas de edad avanzada 
y  de  los  longevos,  se  ha  sugerido  que  la  diferencia  entre  ellos  radica  en  que  los  longevos 
consiguen contrarrestar  los efectos perjudiciales de esa “inflammaging” secretando elevadas 
cantidades  de  citoquinas  anti‐inflamatorias  (Salvioli  et  al.  2013;  Minciullo  et  al.  2016).  De 
acuerdo  con  esta  idea,  se  observó  que  los  leucocitos  de  ratones  longevos  liberan  altas 
concentraciones de la citoquina anti‐inflamatoria IL‐10 en condiciones basales, incluso más altas 
que  cuando  eran  adultos,  liberación  que  podría  ser  uno  de  los mecanismos  subyacentes  al 
mantenimiento de la salud en la longevidad, como se ha sugerido que sucede en ratas longevas 
(Dimitrijević  et  al.  2014).  Además,  la  elevada  liberación  de  IL‐10  en  leucocitos  de  ratones 
longevos tras 4 horas de cultivo podría explicar la disminución en los niveles de TNF‐α que tiene 
lugar en estos animales tras las 24 y 48 horas de incubación, ya que IL‐10 inhibe la liberación de 
TNF‐α  (Shin  et  al.  1999;  Dagvadorj  et  al.  2008).  Además,  el  presente  sub‐objetivo  pone  de 
manifiesto  que  la  relación  entre mediadores  anti‐inflamatorios  y  pro‐inflamatorios  (como el 









hecho,  se  ha  demostrado  que  aquellos  octogenarios  que  producen  bajas  cantidades  de 
citoquinas en respuesta a LPS, como la IL‐6, el TNF‐α y la IL‐10, tienen el doble de probabilidades 
de morir en comparación con los individuos de la misma edad con una mayor producción de 
citoquinas en esas  condiciones  (Van Den Biggelaar  et  al.  2004).  Por el  contrario,  los  ratones 
extremadamente longevos, en general, mostraron un perfil de citoquinas en respuesta a Con A 
similar  a  cuando  eran  adultos,  lo  que  demuestra  que  las  células  inmunitarias  de  individuos 
longevos  tienen  la  capacidad  de  desencadenar  una  respuesta  inmunitaria  adecuada.  Estos 














citoquinas  inflamatorias  como  el  TNF‐α,  serían  los  que  conseguirían  alcanzar  una  mayor 
longevidad.  Además,  el  estudio  sugiere  que  la  relación  IL‐10/TNF‐α  en  condiciones  basales 
parece  mejor  indicador  de  la  longevidad  del  ratón  que  cualquiera  de  los  mediadores 
inflamatorios investigados por separado. 
  En cuanto al segundo sub‐objetivo: ¿La concentración basal de la proteína de choque 
térmico,  Hsp70,  puede  ser  usada  como  marcador  de  envejecimiento  y  longevidad?,  se 
procedió a estudiar los cambios asociados a la edad en la cantidad de la proteína Hsp70, ya que 
esta  chaperona  se  sintetiza  en  situaciones  en  las  que  aumenta  el  número  de  proteínas mal 
plegadas en la célula. Dado que al envejecer aumenta el número de proteínas oxidadas y mal 
plegadas y se deteriora la capacidad del proteasoma para degradarlas, esta proteína podría jugar 




Hsp70  en  órganos  mitóticos  y  post‐mitóticos  procedentes  de  ratones  de  distintas  edades, 
incluyendo ratones longevos y ratones prematuramente envejecidos. 










resultados  contradicen  un  estudio  previo  realizado  en  hígado  en  el  que  se  observó  que  los 
niveles de Hsp70 no se alteraban durante el envejecimiento en ratas. Sin embargo, el anticuerpo 
que se utilizó en dicho trabajo detectaba tanto la Hsp70 expresada constitutivamente (Hsc70) 




estudio  llevado  a  cabo  en  hepatocitos  primarios  aislados  de  ratas  jóvenes  y  senescentes, 
también se observó un aumento relacionado con la edad en la concentración basal de Hsp70 
(Hall et al. 2001). Además, se detectó una acumulación de Hsp70 dependiente de la edad en 
fibroblastos envejecidos "in vitro"  (Fonager et al. 2002). Por el  contrario, en  tejidos como el 
















la  apoptosis,  la  inmunosenescencia  y  la  inflamación,  convirtiéndose  en  un  componente 















a  una  velocidad mayor  ya  que  no  son  capaces  de  dividir  sus  componentes  dañados  por  la 
oxidación, como las mitocondrias, durante cada división celular (De La Fuente y Miquel, 2009). 
En base a esto, uno esperaría que los tejidos postmitóticos fueran los que experimentaran el 
aumento más marcado  en  los  niveles  de  Hsp70  al  envejecer.  Sin  embargo,  se  encontraron 


















edad  que  se  observa  en  tejidos  mitóticos  contribuiría  a  que  sus  células  no  funcionales  se 
volviesen resistentes a la apoptosis, lo que podría conducir a la división celular descontrolada y 
al cáncer. Por otro lado, la menor síntesis basal de Hsp70 relacionada con la edad que tiene lugar 





  La  teoría  de  la  oxidación‐inflamación  del  envejecimiento  vincula  el  estrés 
oxidativo e inflamatorio crónico con la velocidad a la que se envejece, y considera a la activación 















los  PAM,  a  pesar  de  ser  adultos, mostraron  niveles  de  Hsp70  similares  a  los  detectados  en 
ratones viejos en médula renal, corteza cerebral, bazo y leucocitos peritoneales. Por otro lado, 
aquellos individuos que alcanzaron una elevada longevidad, mostraron niveles basales de Hsp70 




una menor necesidad de Hsp70 en  las  células mitóticas  y  en una  síntesis  no deteriorada de 
Hsp70 en células postmitóticas. De hecho, de acuerdo con  la  idea de menor acumulación de 
daño, los leucocitos peritoneales de ratones longevos mostraron una concentración de MDA, el 

















si  lo  hace  a  través  de una  combinación de  algunas  o  de  todas  ellas.  Además,  los  resultados 
obtenidos en el presente estudio muestran la relevancia de la concentración basal de Hsp70 en 




de  que  existen  muchos  marcadores  potenciales  que  cambian  con  el  envejecimiento,  la 
demostración de que los ratones que envejecen prematuramente, los cuales tienen una menor 


























    Los  resultados  obtenidos  en  este  primer  sub‐objetivo  mostraron  que  los 
parámetros  de  función  inmunitaria,  estrés  oxidativo  e  inflamatorio  guardan  una  estrecha 
relación  con  la  esperanza  de  vida  alcanzada  por  cada  ratón.  Además,  la  contribución  más 
importante es que esta relación con la esperanza de vida es diferente para algunos parámetros 
dependiendo de la edad del animal. Así, ciertos parámetros, como la capacidad proliferativa y 








fuertemente  con  la  esperanza  de  vida  de  cada  ratón  en  edades muy  avanzadas,  por  lo  que 




los animales, en  la velocidad de envejecimiento de  los  individuos,  como ya  fue sugerido por 
nuestro grupo y posteriormente confirmado (De La Fuente, 2004b; De la Fuente, 2008a; De La 
Fuente y Miquel, 2009; Vida et al. 2017; Vida et al. 2018). De hecho, hemos propuesto a estas 









estrés  oxidativo.  Pero,  además,  dado  que  la  GPx  también  interviene  en  la  inhibición  de  la 
degradación  de  la  subunidad  α  inhibitoria  del  factor  de  transcripción NF‐κB  (Li  et  al.  2000), 
mediante  el  bloqueo  de  la  activación  de  NF‐κB,  la  GPx  podría  estar  previniendo  el 




es  la  liberación  de  la  citoquina  pro‐inflamatoria  TNF‐α  y  mayor  la  de  la  citoquina  anti‐
inflamatoria IL‐10, a lo largo del envejecimiento, mayor es la esperanza de vida alcanzada por el 
animal.  
  Otro  resultado  sorprendente  de  este  sub‐objetivo  es  que,  mientras  que  algunos 
parámetros  no  guardaban  relación  con  la  esperanza  de  vida  en  la  edad  adulta,  en  edades 
avanzadas se convierten en parámetros altamente discriminantes de longevidad. Este es el caso 
de la actividad citotóxica antitumoral NK, las actividades de las enzimas antioxidantes CAT y GR, 
y  la  liberación basal de  IL‐6 e  IL‐1β. Este hecho parece  indicar que estos parámetros podrían 
reflejar  algunos  de  los  mecanismos  de  adaptación  que  subyacen  al  logro  de  una  elevada 
longevidad. Con respecto a la actividad NK y las actividades CAT y GR, esta idea tendría un claro 









ratones  que muestran  una  liberación  basal  aumentada,  son  los  que  consiguen  alcanzar  una 








ciertos  parámetros  pueden  indicar  “pro‐longevidad”  o  “anti‐longevidad”  dependiendo  de  la 
ventana de edad en la que sean determinados. Así, la actividad NK, CAT, GR y la liberación basal 
de IL‐6 e IL‐1β en la edad adulta se asocian negativamente con la esperanza de vida, de manera 
que,  cuanto  mayores  eran  estos  valores  en  la  edad  adulta,  menor  era  la  longevidad  que 
alcanzaba el  ratón.  Sin embargo, el  significado de  los mismos  cambia  totalmente en edades 
avanzadas, de manera que, cuanto mayores son sus valores, mayor es la longevidad que tiene 
el animal. Por tanto, estos parámetros parecen exhibir un antagonismo pleiotrópico inverso. En 
este  sentido,  se  han  descrito  más  ejemplos  de  marcadores  cuyos  papeles  (anti‐longevidad 







Pero,  además,  estos  resultados  muestran  aplicaciones  prácticas  importantes,  ya  que  varias 
estrategias diseñadas para promover la longevidad pueden ser útiles, no tener efecto o incluso 
ser perjudiciales, dependiendo de  la edad en  la que se  lleven a cabo, como ha sido sugerido 
previamente (Moeller et al. 2014). De acuerdo con esta idea, en un trabajo se demostró que la 
sobreexpresión de catalasa mitocondrial en ratones jóvenes resultaba ser perjudicial, mientras 
que  su  sobreexpresión  en  ratones  viejos  tenía  un  efecto  positivo  (Basisty  et  al.  2016).  Esto 








sus  células  durante  todo  ese  proceso.  Sorprendentemente,  los  resultados  del  presente  sub‐
objetivo  revelan  que  los  sujetos  longevos  no  mantienen  en  sus  células  inmunitarias  un 
funcionamiento  y  estado  redox  e  inflamatorio  óptimos  a  lo  largo  de  su  envejecimiento.  De 














estos  parámetros  y  la  longevidad  también  debe  investigarse  en  ratones  macho,  dadas  las 
diferencias sexuales que hay no sólo en la esperanza de vida (mayor en las hembras), también 
en  la  inmunidad  (más  potente  en  hembras)  y  el  estado  oxidativo  e  inflamatorio  (mayor  en 
machos), entre otros aspectos  (Fischinger et al. 2018). Por  lo tanto, parece plausible que  los 
marcadores que predicen la longevidad en ratones hembra puedan ser diferentes a los de los 
ratones  macho.  No  obstante,  los  resultados  del  presente  sub‐objetivo  ofrecen  una  nueva 
perspectiva sobre el uso de la función inmunitaria, los parámetros redox e inflamatorios como 











esperanza  de  vida,  según  sus  valores  en  la  edad  adulta,  para  la  construcción  de  modelos 












  En base  a  esto,  se procedió  a  la  construcción de distintos modelos matemáticos:  un 
Modelo  Inmunitario  (basado en  los parámetros de    actividad NK, quimiotaxis  de  linfocitos  y 
macrófagos, fagocitosis de macrófagos, capacidad linfoproliferativa y liberación basal de IL‐1β, 
IL‐6,  TNF‐α  e  IL‐10),  un  Modelo  Redox  (basado  en  la  actividad  CAT,  GPx  y  GR,  y  las 
concentraciones  de  GSH,  GSSG  y  MDA)  y  un  Modelo  Conductual  (basado  en  los  índices 
conductuales derivados de la prueba del tablero de agujeros y del laberinto en cruz elevado), así 
como  un Modelo  Combinado  (incluyendo  los  parámetros  seleccionados  tanto  en  el Modelo 
Inmunitario  como en el  Redox), mediante  regresión  lineal múltiple. Además,  los modelos  se 


































un  agotamiento  moderado  de  GSH  afecta  a  varias  funciones  de  los  leucocitos  (Dröge  y 
Breitkreutz, 2000). Se ha demostrado también que el MDA, el cual es un producto final de la 






























que  los  cambios  con  la  edad  en  los  parámetros  de  función  y  estado  redox,  que  fueron 
estudiados,  siguen un patrón similar en humanos y  ratones. En  lo  referente a  la conducta, a 
pesar  del  hecho  de  que  los  rasgos  de  ansiedad  también  se  han  relacionado  con  un 
















ratones  utilizados  para  el  presente  estudio  son  “outbred”  lo  que  significa  que  proceden  de 
progenitores  sin  relación  consanguínea,  lo  que  implica  que  presentan  una  mayor 




en  machos  y  en  otras  cepas  de  ratones,  los  resultados  de  este  sub‐objetivo  resaltan  la 
importancia,  para  tener  una  elevada  longevidad  en  ratones,  de  disponer  de    respuestas 
conductuales  correctas  frente  a  situaciones  de  estrés,  de  tener  apropiadas  capacidades  de 










la  determinación  de  5  variables:  pérdida  de  peso  superior  al  5 %  en  el  último mes,  tiempo 
corriendo y velocidad máxima alcanzada en la cinta rodante, fuerza de agarre y coordinación 





grupo  de  edad  para  dicha  variable.  En  cuanto  a  la  variable  pérdida  de  peso,  los  ratones  se 









adultos  prematuramente  envejecidos  (PAM)  y  ratones  excepcionales  no  prematuramente 
envejecidos  (E‐NPAM).  El  estudio  longitudinal  se  realizó  usando  ratones  normales  no 






determinaron  los  componentes  de  fragilidad:  fuerza  de  agarre  neta,  resistencia,  lentitud  y 
coordinación motora, verificando que los criterios seleccionados son una buena opción para el 





ratones  con  envejecimiento  prematuro,  para  conocer  mejor  la  compleja  relación  entre  el 
envejecimiento y  la  fragilidad. Los resultados muestran que el grupo de PAM, a pesar de ser 






se deduce que existe una  relación entre el  índice de  fragilidad de un grupo de  ratones  y  su 
esperanza de vida. 
  Este  es  el  primer  estudio  en  el  que  se  han  calculado  índices  de  fragilidad 
individuales en ratones a diferentes edades para detectar diferencias entre individuos y arrojar 




en  individuos  de  la misma  edad  cronológica  (Liu  et  al.  2014).  Además,  esta  heterogeneidad 
también fue observada en el grupo de PAM. Así, a pesar de que el 40% eran frágiles y el 40% 
eran pre‐frágiles,  el  20% de ellos  eran  robustos.  En  contraste,  todos  los  ratones  clasificados 
como E‐NPAM eran robustos. Otro hecho a destacar es que la prevalencia de fragilidad en la 
edad madura y en  la vejez  fue de 12% y 11% respectivamente,  lo que es  coincidente  con  la 
prevalencia de la fragilidad observada en personas de edad avanzada cuando se aplica la escala 
de fragilidad propuesta por Fried y colaboradores (Fried et al. 2001). 
Del mismo modo,  y dado que  la escala de  fragilidad de Fried ha  sido validada  como 
predictor  de  mortalidad  en  humanos,  también  se  investigó  la  relación  entre  el  índice  de 
fragilidad individual de un ratón determinado, y su respectiva esperanza de vida. Los resultados 
de este estudio demuestran que el Test Valencia desarrollado para ratones puede ser usado 
como predictivo de  longevidad dada  la alta correlación obtenida entre el  índice de fragilidad 









mostraron  una  menor  longevidad  que  sus  homólogos  E‐NPAM,  se  encontraron  diferencias 
respecto a su estado de fragilidad individual. Por lo tanto, se observaron PAM frágiles, PAM pre‐






del  índice  de  fragilidad  individual  calculado  en  las  edades  madura  y  vieja  para  predecir  la 
longevidad. 




a  largo plazo,  tanto nutricionales  como de actividad  física,  entre  otras,  a partir  de esa edad 
adulta  para  revertir  dicho  estado.  Además,  dado  que  el  “Test  Valencia”  contempla  criterios 



















4.4.3.   ¿Qué  parámetros  de  función  inmunitaria,  estado  redox  e  inflamatorio  pueden  ser 



















para dar  respuesta al primer  sub‐objetivo: ¿Los parámetros de  función  inmunitaria, estado 



















señalización que va a modular  los efectos  sobre  la  función  inmune  (Butcher et  al.  2005).  En 
general, la DHEA‐S se ha descrito como un potenciador de la respuesta inmunológica, mientras 
que  el  cortisol  como  supresor  (Butford  et  al.  2008).  En  consecuencia,  ciertas  situaciones  de 
estrés crónico que se traducen en un aumento en la cantidad de cortisol, se han relacionado con 





células  inmunitarias,  evidenciado  en  la  actividad  NK,  en  la  capacidad  quimiotáctica  de 









que  la  funcionalidad  de  los  neutrófilos  parece  ser más  sensible  a  cualquier  grado  de  estrés 
percibido que la de los linfocitos. De hecho, el deterioro de la funcionalidad de estas células en 
mujeres con estrés percibido moderado, coincide con la mayor cantidad de daño oxidativo que 
presentan  los neutrófilos,  en  comparación  con  los  linfocitos  en  estas mujeres.   Dado que el 
funcionamiento  adecuado  de  las  células  inmunitarias  se  basa  en  el  mantenimiento  de  un 








células  inmunitarias  de mujeres  con  grado  de  estrés  percibido moderado  y  alto,  cuando  se 
enfrentan a una infección, imitada con la presencia del LPS, mostraron una mayor liberación de 
citoquinas pro‐inflamatorias y una menor  liberación de anti‐inflamatorias, de acuerdo con  lo 
observado  en  estudios  previos  (Sribanditmongkol  et  al.  2015).  Además,  con  respecto  a  la 









De  hecho,  se  demostró  que  un  grado moderado  y  alto  de  estrés  percibido  se  asociaba  con 
valores más bajos en las defensas antioxidantes (actividad de GPx y GR, y concentración de GSH) 
y más altos en los parámetros oxidantes (concentración de GSSG y MDA, y cociente GSSG/GSH) 






  En  el  contexto  de  la  comunicación  neuroinmunoendocrina,  se  ha  descrito  que  una 
respuesta  inadecuada al  estrés  causa un envejecimiento acelerado  (Perna et  al.  2015; De  la 













naturaleza  objetiva  o  la  magnitud  de  los  factores  estresantes  a  los  que  se  enfrentaban  las 
mujeres  incluidas  en  el  estudio,  los  cuales  podrían  ser muy  diferentes.  Sin  embargo,  en  un 
estudio realizado en mujeres, todas ellas sometidas al mismo factor estresante, el cuidar de un 
cónyuge  discapacitado,  demostró  que  los  efectos  finales  sobre  la  salud  no  dependían  de  la 
naturaleza del  factor estresante, que era el mismo,  sino más bien de  la percepción y de  los 
mecanismos de afrontamiento de las mujeres que se enfrentaban a dicho estrés (Beach et al. 
2000).  
Dado  que  el  grado  de  estrés  percibido  es  el  balance  resultante  entre  los  estresores 
diarios, los eventos vitales, así como de los medios y recursos de los cuales la persona disponga 
en un determinado momento (Remor, 2006), supone una medida de la capacidad de respuesta 
al  estrés.  De  acuerdo  con  esto,  Pedrero‐Pérez  y  colaboradores  (2015),  demostraron  que  un 
elevado grado de estrés percibido estaba relacionado con conductas de evitación, las cuales, en 










Alzheimer?,  estudios  previos  de  nuestro  laboratorio  demostraron  que  los  pacientes  con 
Enfermedad de Alzheimer (EA), presentaban una inmunidad deteriorada y mayores niveles de 
GSSG y MDA,  respecto a  controles  sanos de  su misma edad  (Vida et  al.  2018). Por ello,  nos 
planteamos  investigar  una  batería  completa  de  parámetros  de  estrés  oxidativo  en  sangre 
periférica  de  individuos  que  presentan  deterioro  cognitivo  leve  (DCL)  e  individuos  con 
Alzheimer, con el fin de poder encontrar marcadores prodrómicos de la EA. 
  En este caso, nos centramos en el estudio de parámetros de estrés oxidativo ya que, en 








MDA,  isoprostanos  y  proteínas  carboniladas  en  suero  procedente  de  pacientes  con  EA  en 




















y  la  mayoría  de  los  sistemas  y  compuestos  de  defensa  enzimáticos  antioxidantes  son 
intracelulares. Por ello, en este sub‐objetivo se procedió al estudio de células sanguíneas totales 






alterado  en  las  células  de  la  sangre  de  pacientes  con  EA  y,  curiosamente,  algunos  de  los 
parámetros de estrés oxidativo analizados ya se encuentran afectados en los pacientes con DCL. 
Los resultados demostraron que los pacientes con EA, sin distinguir entre hombres y mujeres, 




cociente  GSSG/GSH,  mientras  que  presentan  actividades  GPx  y  GR  más  bajas  y  menor 
concentración  de  GSH,  en  comparación  con  los  controles  de  la  misma  edad.  Además,  se 







encuentren  consumidas  por  tener  que  ser  utilizadas  en  la  neutralización  de  los  oxidantes 




respectivos  controles.  Otros  estudios  también  han  descrito  una  mayor  actividad  SOD  en 
eritrocitos de pacientes con EA al analizar  la población total, que consistía principalmente en 
mujeres (Perrin et al. 1990; Rossi et al. 2002). 









por  el  H2O2  que  la  CAT,  por  lo  tanto,  el  H2O2  es  neutralizado  principalmente  por  la  GPx  en 
condiciones  normales.  Sin  embargo,  cuando  la  concentración  de  H2O2  aumenta,  como  en 


























actividad  GR  y  concentración  de  GSH,  junto  con mayor  concentración  de  GSSG  y  cociente 
GSSG/GSH. Sin embargo,  los pacientes con DCL sólo presentaron una menor actividad GR en 
comparación con los controles de su misma edad, en ambos sexos. Por lo tanto, estos resultados 





























antioxidante  deteriorado,  sino más  bien  la  consecuencia  de  la  sobreproducción  de  especies 
reactivas de oxígeno, como se ha sugerido previamente (Schuessel et al. 2004). De acuerdo con 











  En  conclusión,  los  resultados  del  presente  sub‐objetivo  demuestran  que  algunos 
marcadores de estrés oxidativo están alterados en sangre de individuos con EA (menor actividad 
GPx  y  GR  y  concentración  de  GSH,  así  como  mayor  actividad  CAT,  cociente  GSSG/GSH  y 
concentración  de  MDA)  con  respecto  a  los  controles  de  la  misma  edad,  en  ambos  sexos. 
Curiosamente, algunos de estos marcadores también estaban alterados en pacientes con DCL 
(como  las actividades GPx y GR y  la concentración de MDA) en ambos sexos y, por  lo  tanto, 
podrían  usarse  para  el  diagnóstico  temprano  de  la  EA.  Además,  se  encontró  que  otros 








dada  la  facilidad  de  obtención  del  tipo  de muestra  utilizado  y  la  simplicidad  de  los  ensayos 
realizados, se puede sugerir, para su utilización en el ámbito clínico, la valoración conjunta de 
algunos parámetros redox en células sanguíneas totales, como pueden ser las actividades GPx y 





dilucidar  la  relación existente  entre estos marcadores  y  la progresión de  la  enfermedad. No 











































mononucleares  de  la  sangre.  Los  resultados  mostraron  que  los  supervivientes  tenían,  al 
momento del ingreso, una menor liberación basal de TNF‐α junto con una liberación basal mayor 
de IL‐10 en comparación con los no supervivientes. Estos resultados sugieren que cuanto más 
baja  sea  la  liberación  basal  de  TNF‐α  y  más  alta  sea  la  de  IL‐10  por  parte  de  las  células 
inmunitarias en los centenarios, mayor es la probabilidad de supervivencia.  
Es  importante  recordar  que  los  centenarios,  además  de mostrar  un  excelente  perfil 
inmunológico,  también muestran un mejor perfil  redox que  los  individuos ancianos, pero de 

























Por  su  parte,  la  probabilidad  de  supervivencia  aumentó  significativamente  con  una  menor 






observó que, aunque  la mayoría de  los parámetros analizados no  cambiaron dentro de este 






era  mayor.  No  obstante,  las  capacidades  de  quimiotaxis  de  neutrófilos  y  linfocitos  sí  que 
alcanzaron  valores  similares  a  los  observados  en  centenarios  controles,  por  lo  que  estos 
parámetros podrían ser utilizados como indicadores de recuperación. 











del  estudio  estaría  el  hecho  de  poder  proponer  marcadores  predictores  de  supervivencia, 
aunque nuestra población estudiada representaba un grupo muy heterogéneo de sujetos, con 
muy  diferentes  causas  de  ingreso. Dado  que  los  datos  se  analizaron  retrospectivamente,  se 
necesitan  futuros  estudios  prospectivos  para  validar  los  hallazgos  del  presente  sub‐objetivo 
utilizando  una  muestra  más  grande.  Dado  que  el  número  de  personas  centenarias  está 
aumentando  rápidamente  en  todo  el mundo,  la  identificación  de marcadores  que  permitan 
evaluar el estado de salud, así como predecir el riesgo de mortalidad de estos individuos, son 
cuestiones  importantes  de  salud  pública.  En  consecuencia,  los  resultados  del  presente  sub‐
objetivo, aunque preliminares, resaltan la utilidad de la función inmunitaria y los marcadores de 









































































 Cambios  funcionales  y  de  estado  redox  e  inflamatorio  en  las  células  inmunitarias  con  el 
envejecimiento: 
En  primer  lugar  (Artículo  1),  se  verificó  que  una  serie  de  parámetros  de  función 
analizados  en  células  inmunitarias  disminuían  a  medida  que  avanza  el  proceso  de 
envejecimiento, disminución que tenía  lugar hasta alcanzar  la esperanza de vida media de  la 
especie  (tanto  en  humanos  como  en  ratones).  Además,  en  ratones  adultos  envejecidos 
prematuramente  (PAM),  dichas  funciones  inmunitarias  se  encontraban  con  valores  más 
similares a los que se observan en ratones cronológicamente viejos, y estos PAM presentaban 
una  menor  longevidad  que  aquellos  animales  que  mostraron  una  adecuada  funcionalidad 
inmunitaria en la edad adulta. 
Del  mismo  modo,  se  ratificó  que  a  medida  que  se  avanza  en  el  proceso  de 
envejecimiento,  la  mayoría  de  las  defensas  antioxidantes  disminuían  mientras  que  los 
compuestos  oxidantes  aumentaban,  tanto  en  las  células  inmunitarias  de  ratones  como  de 
humanos,  hecho  que  también  ocurría  hasta  alcanzar  la  esperanza  de  vida media  en  ambas 




2018a),  tiene  sentido  que  las  alteraciones  en  el  estado  redox  asociadas  a  la  edad  que 
experimentan estas células sean coincidentes con el deterioro funcional de las mismas. Hay que 
tener en cuenta, además, que según la teoría de la oxidación‐inflamación del envejecimiento, el 
deterioro  funcional  del  sistema  inmunitario  va  a  contribuir  al  aumento  de  compuestos 














envejecen,  se produce por parte  de  las  células  inmunitarias,  en  situación basal,  es decir,  en 
ausencia de estimulación, un aumento en  la  liberación de citoquinas pro‐inflamatorias y una 
disminución  de  las  anti‐inflamatorias.  De  hecho,  en  estas  condiciones  basales  los  linfocitos 
aumentaron  su  capacidad  de  proliferación  al  avanzar  la  edad.  Dado  que  esta  capacidad  se 
relaciona con una mayor producción de oxidación (Schieber y Chande, 2014), estos resultados 
demuestran  que  el  sistema  inmunitario  al  envejecer  se  encuentra  sobreactivado  en  lo  que 
respecta a la liberación de compuestos oxidantes e inflamatorios.  Como se ha comentado antes, 
esto incidiría en una mayor velocidad de envejecimiento del individuo. Cuando se simuló una 
estimulación  antigénica  mediante  el  uso  del  mitógeno  Con  A,  se  observó  que  las  células 
inmunitarias al envejecer no son capaces de responder a dicho estímulo mediante el aumento 
de  su  proliferación  ni  de  una mayor  liberación  de  citoquinas  pro‐inflamatorias,  lo  cual  sería 
necesario para una eficiente respuesta inmunitaria. Esto justificaría el hecho de que, al avanzar 
la edad, los individuos sean más vulnerables a distintos procesos infecciosos.  
De  este  modo,  el  proceso  conocido  como  inmunosenescencia,  engloba  tanto  el 
concepto de  “parálisis  inmunitaria”  como el de “sobreactivación” e  “inflammaging”, aunque 
puedan parecer hechos contradictorios. Así a medida que el  individuo envejece, por un lado, 
experimenta  un  deterioro  en  la  capacidad  de  respuesta  de  las  células  inmunitarias  ante  un 
agente extraño (tanto de las células de la inmunidad innata y adquirida), mientras que, por otro, 
experimenta una mayor activación en estado basal. Dado que el término senescencia se asocia 
únicamente  con  pérdida  de  funcionalidad,  ciertos  autores  han  señalado  que  el  término  de 
“remodelación inmunitaria” sería más adecuado que el de inmunosenescencia para describir los 
cambios que acontecen en el sistema inmunitario al envejecer (Fulop et al. 2016; 2018). 
En  este  contexto,  investigaciones  previas  han  sugerido  que  la  causa  de  que  se 
desencadene  con  la  edad  este  aumento  en  la  liberación  de  citoquinas  pro‐inflamatorias  de 






propuesto  que  la  inflamación  asociada  a  la  edad  es  en  gran  medida  la  consecuencia  del 
desequilibrio  entre  la  producción  y  la  eliminación  de  residuos  celulares  y  de moléculas mal 




residuos  celulares  y  moléculas  dañadas  serían  capaces  de  promover  la  inflamación  al  ser 










fundamental  asegurando  el  correcto  plegamiento  de  proteínas  dañadas,  ayudando  a  su 
degradación  a  través  del  proteasoma,  y  que  también  participa  regulando  el  estado  de 
activación/inactivación  del  factor  de  transcripción  NF‐κB  (Guzhova  et  al.  1997;  Zheng  et  al. 
2008), podría ser utilizada como marcador de la velocidad de envejecimiento del individuo. 
Siguiendo esta idea, se demostró que (Artículo 4), al avanzar la edad, tiene lugar una 
disminución en  la  concentración de Hsp70  tanto en  leucocitos peritoneales  como en  tejidos 
post‐mitóticos, mientras que en los tejidos mitóticos se observó un aumento de la misma. Por 
otro  lado, aquellos ratones que en la edad adulta tenían concentraciones más similares a  las 





















tanto humanos como ratones  (Artículo 1‐3), presentan  la mayoría de parámetros de  función 
inmunitaria, estrés oxidativo e  inflamatorio con valores más similares a  los observados en  la 
edad adulta que a los de edades avanzadas. Así, los resultados de la presente tesis coinciden con 













considerados  como excepciones  al  proceso  de  envejecimiento.  Sin  embargo,  podría  ser  que 
éstos constituyeran la norma del envejecimiento saludable y que las excepciones fueran el resto 
de  individuos que no  logran adaptarse a  los cambios propios del proceso de envejecimiento 
facilitando la aparición de enfermedades asociadas a la edad, y consecuentemente, no logran 
alcanzar edades tan longevas. Recientemente, se ha propuesto que la “homeostasis adaptativa”, 











siendo  estas  superiores  a  las  observadas  en  adultos.  Por  lo  indicado,  y  de  acuerdo  con  el 
concepto  de  homeostasis  adaptativa,  el  mantenimiento  de  la  homeostasis  a  estas  edades 









Respecto  a  los mecanismos  que  permiten  alcanzar  una  elevada  longevidad  en  estos 
individuos, se propone a la proteína Hsp70. Así, se observó (Artículo 4) que la concentración de 
Hsp70 en ratones  longevos,  independientemente del  tipo de tejido estudiado, es similar a  la 




procedentes  de  individuos  longevos  (Arranz  et  al.  2010a),  siendo  un mecanismo  clave  en  la 
prevención de la inflamación crónica asociada a la edad. De acuerdo con esta idea, se demostró 
(Artículo  3)  que  los  leucocitos  peritoneales  de  ratones  longevos  presentaban  una  liberación 
elevada de IL‐10 y controlada de TNF‐α en reposo con valores similares a los que presentaban 



















inverso,  de  manera  que  altos  valores  en  la  edad  adulta  se  asociaban  con  una  mortalidad 
temprana mientras que esos mismos valores en edades avanzadas se asociaban con una elevada 
longevidad.  Este  fue  el  caso  de  los  parámetros:  actividad  citotóxica  NK,  actividades  de  las 
enzimas antioxidantes catalasa y glutatión reductasa y de la liberación basal de IL‐6 e IL‐1β. 
El hecho de que una actividad NK antitumoral muy elevada en la edad adulta se asocie 
con  una  menor  longevidad  podría  ser  debido  a  que  tal  aumento  es  consecuencia  de  una 
incrementada  aparición de procesos  cancerígenos,  y  que  esa mayor  actividad  sólo  refleje  el 
intento del organismo por controlarlos.    También, podría  suceder que una elevada actividad 
citotóxica aumentase el  daño  tisular mediante  la  liberación de  compuestos oxidantes  y pro‐
inflamatorios, contribuyendo a acelerar la velocidad de envejecimiento. Por otro lado, el hecho 
de  tener  una  actividad  citotóxica  NK  elevada  en  edades  muy  avanzadas  podría  resultar 
adaptativo, dada la acumulación de células dañadas potencialmente cancerígenas. Siguiendo un 
razonamiento  similar,  el  tener  elevadas  las  defensas  antioxidantes,  como  la  catalasa  o  la 
glutatión  reductasa  en  la  edad  adulta,  podría,  por  un  lado,  ser  el  resultado  de  una  elevada 
generación de ROS en el organismo, las cuales acelerarían la velocidad de envejecimiento. Por 
otro lado, esta elevada actividad antioxidante sería capaz de interferir con los fundamentales 
procesos  de  señalización  en  los  que  las  ROS  participan.  En  edades  avanzadas  esta  elevada 
actividad  antioxidante  constituiría  un  mecanismo  adaptativo  muy  beneficioso  para 
contrarrestar  el  aumento  de  ROS  asociado  a  la  edad. De  acuerdo  con  esta  idea,  un  estudio 
relativamente  reciente  ha  demostrado  que  la  sobreexpresión  de  catalasa  mitocondrial  en 
ratones jóvenes es perjudicial, mientras que su sobreexpresión en ratones viejos tenía un efecto 
positivo (Basisty et al. 2016). La explicación que dan estos autores a dicha observación, es que 
la sobreexpresión de  la catalasa mitocondrial en ratones  jóvenes podría afectar a  las vías de 
señalización  redox  necesarias  para  el  correcto  funcionamiento  celular  y  sugieren  que  esto 











Una  vez  comprobado  que  los  parámetros  de  función  inmunitaria,  estrés  oxidativo  e 
inflamatorio  pueden  resultar  buenos  marcadores  de  la  velocidad  de  envejecimiento,  nos 
preguntamos cuáles de ellos resultan ser más robustos para predecir la esperanza de vida. Por 
ello nos planteamos construir una serie de modelos matemáticos predictivos de longevidad en 
ratones basados en  los valores que  se  tuviese, en  la edad adulta, en parámetros de  función 
inmunitaria,  por  otro,  en  parámetros  de  estrés  oxidativo  y,  en  tercer  lugar,  en  parámetros 
conductuales.  Así  se  demostró  que  (Artículo  6),  dentro  de  los  parámetros  de  función 





mejores  en  la  predicción  de  longevidad  son  aquellas  que  se  asociaban  con  bajos  niveles  de 
ansiedad, como la distancia recorrida en la zona interna del tablero de agujeros y el tiempo que 
está el animal en los brazos abiertos del  laberinto en cruz elevado. También se desarrolló un 
cuarto  modelo,  incluyendo  los  parámetros  seleccionados  de  función  inmunitaria  y  estrés 
oxidativo. Cuando estos modelos fueron validados en un nuevo lote de ratones, se demostró 
que  los  que  presentaban  mayor  reproducibilidad  eran  el  Modelo  Inmunitario  y  el  Modelo 
Combinado.  Estos  resultados,  por  tanto,  ensalzan  el  uso  de  los  parámetros  de  función 
inmunitaria como predictivos de longevidad, por encima de los parámetros de estrés oxidativo 
y de los conductuales. No obstante, y en función de los resultados observados en la presente 
tesis,  se hace necesario  desarrollar modelos predictivos de  longevidad para otros  grupos de 
edad, hecho que será objeto de futuras investigaciones. Del mismo modo, dado que el papel 
predictivo  de  longevidad  de  estos  parámetros  en  la  presente  tesis  ha  sido  investigado 
únicamente en ratones hembra,  la relación existente entre estos parámetros y  la  longevidad 
también debe investigarse en ratones macho, dadas las diferencias sexuales que hay no sólo en 
la  esperanza  de  vida  (mayor  en  las  hembras),  también  en  la  inmunidad  (más  potente  en 











global,  en  la  fragilidad,  éste  giraría  en  torno  a  los  cambios  neuromusculares  (Fedarko  et  al. 
2011). Así, con el fin de profundizar en la relación existente entre envejecimiento y fragilidad, 
se utilizaron una serie de criterios de fragilidad que se emplean en el ser humano y que han sido 
adaptados  a  ratones  (Gómez‐Cabrera  et  al.  2017),  para  la  cuantificación  de  la  fragilidad  en 
ratones de distintas edades, así como en ratones adultos envejecidos prematuramente (PAM) y 
se  investigó  su  relación  con  la  longevidad.  Se  demostró  (Artículo  7)  que  los  parámetros  de 
fragilidad en ratones a las edades investigadas, adulta, madura y vieja, estaban relacionados con 
la  esperanza  de  vida  de  los  mismos.  Sin  embargo,  se  pudo  comprobar  que  la  inadecuada 
respuesta al estrés, criterio que ha sido usado por nuestro  laboratorio durante muchos años 






de  envejecimiento  tiene  un  papel  dominante  sobre  el  estado  de  fragilidad  en  cuanto  a  la 
predicción de longevidad. 
 
‐  Parámetros  indicadores,  en  humanos,  de  envejecimiento  acelerado,  patológico  y  de 
supervivencia en el caso de los centenarios: 




una  inadecuada  respuesta  al  estrés  en  ratones,  se  asocia  con  una  peor  funcionalidad 
inmunitaria, mayores niveles de estrés oxidativo y una menor longevidad (Artículo 1 y 2). Del 
mismo modo, en mujeres de mediana edad, como se recoge en el Artículo 8, se pudo demostrar 






homeostáticos,  el  sistema  nervioso,  el  endocrino  y  el  inmunitario,  y  explicaría  por  qué  las 









Halliwell,  2019).  Estudios  previos  de  nuestro  grupo  de  investigación  demostraron  que  los 
pacientes con EA, presentaban una inmunidad deteriorada y mayores niveles de estrés oxidativo 
en comparación con controles sanos de la misma edad (Vida et al. 2018). Dado que el principal 
problema  asociado  a  la  EA  es  que  la  misma  se  diagnostica  en  fases  muy  avanzadas  de  la 
























lo  es  un  ingreso  hospitalario.  Así,  con  los  resultados  del  Artículo  10  se  demostró  que, 
efectivamente, una serie de parámetros de función inmunitaria, estrés oxidativo e inflamatorio 
son predictores de supervivencia y mortalidad en esa población de centenarios cuando ingresan 
en  el  hospital.  Estos  resultados  son  de  gran  relevancia  ya  que  los  parámetros  investigados 
resultaron  ser  mejores  predictores  de  supervivencia  que  los  de  tipo  bioquímico  que  son 
habitualmente  analizados  en  el  ámbito  clínico. De  hecho,  se  ha  demostrado  que  los  índices 
metabólicos  tradicionales  como  la  glucosa,  los  triglicéridos,  el  colesterol  y  los  niveles  de 
creatinina son muy limitados como marcadores pronóstico en centenarios (Baggio et al. 1998; 
Szewieczek et al. 2015). Además, dado que se predice un aumento significativo del número de 
centenarios  en  los  próximos  años,  existe  una  necesidad  urgente  de  identificar  mejores 
marcadores  pronóstico  en  este  grupo  de  individuos.  Así,  los  resultados  de  la  presente  tesis 
proporcionan  unos  valores  de  corte  para  marcadores  tales  como  la  adherencia  de  los 
neutrófilos,  la  quimiotaxis  y  la  actividad  microbicida,  la  actividad  NK,  la  linfoproliferación 
estimulada por PHA, la liberación basal de IL‐6, TNF‐α y IL‐ 10; la liberación en respuesta a PHA 
de IL‐1β e IL‐6, la actividad GR y la concentración de anión superóxido y MDA, los cuales tienen 
potencial  para  ser  utilizados  en  el  ámbito  clínico  como  predictores  de  supervivencia  en 

















inmunitario  sea  capaz  de  modular  la  velocidad  de  envejecimiento,  abre  múltiples  vías  de 
intervención  para  ralentizar  el  inevitable  proceso  de  envejecimiento.  En  este  sentido,  se  ha 
demostrado  que  varias  estrategias  de  estilo  de  vida,  como  la  administración  de  cantidades 
apropiadas de antioxidantes en la dieta, el ejercicio físico, la actividad física y mental mediante 
el  enriquecimiento  ambiental  y  el  ambiente  social  adecuado,  mejoran  las  funciones  de  las 
células inmunitarias, disminuyen su estrés oxidativo y, en consecuencia, aumentan la longevidad 
de  los  individuos  (De La Fuente et al. 2011; De  la Fuente, 2018a; Garrido et al. 2018; 2019). 
Además,  dadas  las  recientes  investigaciones  que  demuestran  que  la  microbiota  y  la 
comunicación intestino‐cerebro pueden jugar un papel fundamental en el funcionamiento del 








más  trabajos  centrados en el  estudio  de  la maquinaria  celular  y molecular que permite que 
ciertos  individuos alcancen una elevada  longevidad sin padecer  la mayoría de enfermedades 




















































































y  la  capacidad proliferativa de  linfocitos  se deterioran a medida que avanza  la  edad 
tanto en humanos como en ratones. Sin embargo, los individuos longevos muestran una 
funcionalidad adecuada de sus células inmunitarias, mientras que aquellos ratones que 
presentan  en  la  edad  adulta  valores  propios  de  animales  cronológicamente  viejos, 





oxidantes  como el  anión  superóxido,  el  glutatión oxidado  y  los  peróxidos de  lípidos, 
aumentan tanto en sangre periférica en humanos como en leucocitos peritoneales de 
ratón.  En  cambio,  los  sujetos  que  alcanzan  una  elevada  longevidad  muestran  un 
adecuado balance redox, mientras que aquellos ratones que tienen en la edad adulta 
bajas defensas antioxidantes y elevados compuestos oxidantes presentan una menor 
esperanza  de  vida.  Por  este  motivo,  se  proponen  los  parámetros  analizados  como 
marcadores de la velocidad de envejecimiento. 
 
3. La  linfoproliferación  y  la  liberación  de  citoquinas  pro‐inflamatorias  en  ausencia  de 
estimulación  aumenta  con  la  edad,  mientras  que  la  liberación  de  citoquinas  anti‐
inflamatorias  disminuye.  Sin  embargo,  al  envejecer,  en  respuesta  a  un  estímulo  se 











4. La  concentración basal  de  la  chaperona Hsp70 experimenta  cambios  con  la  edad de 




se  propone  a  esta  chaperona  como  un  posible  marcador  de  velocidad  de 
envejecimiento. 
 
5. El  papel  predictor  de  longevidad  de  la  mayoría  de  los  parámetros  de  función 









de  velocidad  de  envejecimiento  mientras  que  los  segundos  para  discriminar  qué 
individuos alcanzarán una elevada longevidad.  
 




peróxidos  de  lípidos  y  la  actividad  antioxidante  glutatión  peroxidasa.  Respecto  a  los 
parámetros  conductuales,  lo  son  la  locomoción  en  la  zona  interna  del  tablero  de 
agujeros y el tiempo transcurrido en los brazos abiertos del laberinto en cruz elevado. 
Los modelos matemáticos  de  predicción  de  longevidad  construidos  en  base  a  estos 













de  estrés,  tiene  un  profundo  impacto  en  el  estrés  oxidativo  e  inflamatorio,  y  en  la 
capacidad  funcional  de  las  células  inmunitarias,  de modo  que  cuanto mayor  es  ese 
estrés percibido, mayor es el oxidativo e inflamatorio y peor la función inmunológica. 
Además,  los  altos  niveles  de  estrés  percibido  parecen  estar  asociados  con  un 
envejecimiento acelerado y, en consecuencia, con una mayor edad biológica. 
 
9. Los  pacientes  con  Enfermedad  de  Alzheimer  presentan  menor  actividad  glutatión 
peroxidasa y reductasa, concentración de glutatión reducido y mayor actividad catalasa 
y malondialdehído en  células de  sangre periférica  con  respecto  a  los  controles de  la 
misma edad. Además, algunos de estos marcadores ya están alterados en pacientes con 




10. Una  serie  de  parámetros  de  función  y  de  estado  redox  de  las  células  inmunitarias 
podrían ser utilizados en el entorno clínico como predictores de supervivencia en  los 
centenarios  ante  un  ingreso  hospitalario.  Es  el  caso  de  la  capacidad  de  adherencia, 
quimiotaxis y actividad microbicida de neutrófilos, la actividad citotóxica Natural Killer, 
la  respuesta proliferativa de  linfocitos,  la  liberación basal de  IL‐6, TNF‐α y  IL‐ 10 y  la 
estimulada  de  IL‐1β  e  IL‐6,  así  como  la  actividad  glutatión  reductasa  y  las 
concentraciones  de  anión  superóxido  intracelular  y  de  peróxidos  de  lípidos.  Otros 



























































































well  as  reduced  glutathione  content)  experience  an  age‐related  decrease,  whereas 
oxidant  compounds  (superoxide anion, oxidized glutathione, peroxidative damage  to 
lipids)  undergo  an  age‐related  increase.  However,  long‐lived  individuals  have  an 





conditions  increase  with  age,  whereas  the  release  of  anti‐inflammatory  cytokines 
decreases. Nevertheless, in response to a stimulus, there is an age‐related impairment 






composition of  the  tissue analysed.  In all  tissues,  long‐lived mice have  similar Hsp70 

















markers  of  the  rate  of  aging,  whereas  the  latter  could  be  used  to  identify  which 
individuals will reach a high longevity. 
 
6. The  chemotaxis  and  phagocytic  capacity  of  macrophages  as  well  as  the 
lymphoproliferative  response  of  lymphocytes  seem  to  be  the  most  robust  immune 
functions for predicting life span at the adult age. With respect to the redox parameters, 
those with  a  strongest  relationship with  life  span  are  the  concentration  of  reduced 
glutathione  and  peroxidative  damage  to  lipids  as  well  as  the  activity  of  glutathione 
peroxidase. Among the behavioural indices, the internal locomotion in the hole‐board 
and the time spent in open arms in the elevated plus‐maze are the strongest predictors 









oxidative  and  inflammatory  state  of  the  individual.  Thus,  the  higher  the  degree  of 








9. Individuals  with  Alzheimer´s  Disease  display  lower  glutathione  peroxidase  and 
reductase  activities,  reduced  glutathione  concentration  as  well  as  higher  catalase 
activity and lipid peroxidative damage in peripheral blood with respect to age‐matched 






used  in  the  clinical  setting  as  predictors  of  survival  in  centenarians  under  hospital 
admission. This  is the case for the adherence, chemotaxis and microbicide activity of 
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Las preguntas en esta escala hacen referencia a sus sentimientos y pensamientos durante el 
último mes. En cada caso, por favor indique con una “X” cómo usted se ha sentido o ha 
pensado en cada situación. 










1. En el último mes, ¿con qué frecuencia ha estado 












2. En el último mes, ¿con qué frecuencia se ha sentido 
incapaz de controlar las cosas importantes en su vida? 
 
0 1 2 3 4 
3. En el último mes, ¿con qué frecuencia se ha sentido 
nervioso o estresado? 
 
0 1 2 3 4 
4. En el último mes, ¿con qué frecuencia ha estado 
seguro sobre su capacidad para manejar sus problemas 
personales? 
 
0 1 2 3 4 
5. En el último mes, ¿con qué frecuencia ha sentido que 
las cosas le van bien? 
 
0 1 2 3 4 
6. En el último mes, ¿con qué frecuencia ha sentido que 
no podía afrontar todas las cosas que tenía que hacer? 
 
0 1 2 3 4 
7. En el último mes, ¿con qué frecuencia ha podido 
controlar las dificultades de su vida? 
 
0 1 2 3 4 
8. En el último mes, ¿con qué frecuencia se ha sentido 
que tenía todo bajo control? 
 
0 1 2 3 4 
9. En el último mes, ¿con qué frecuencia ha estado 
enfadado porque las cosas que le han ocurrido estaban 
fuera de su control? 
 
0 1 2 3 4 
10. En el último mes, ¿con qué frecuencia ha sentido 
que las dificultades se acumulan tanto que no puede 
superarlas? 
0 1 2 3 4 
      
Escala de Estrés Percibido (PSS) 
 
Esta escala es un instrumento de auto informe que evalúa el nivel de estrés percibido durante el 
último mes, consta de 10 ítems con un formato de respuesta de una escala de cinco puntos (0 = 
nunca, 1 = casi nunca, 2 =de vez en cuando, 3 = a menudo, 4 = muy a menudo). La puntuación 
total de la PSS se obtiene invirtiendo las puntuaciones de los ítems 4, 5, 7 y 8 (en el sentido 
siguiente: 0=4, 1=3, 2=2, 3=1 y 4=0) y sumando entonces los 10 ítems. La puntuación directa 
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